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Referat 
Die Arbeit befasst sich mit der Dynamik neuronalen Wachstums. Dabei wird der 
Schwerpunkt auf die mechanischen Vorgänge innerhalb sogenannter 
Wachstumskegel gelegt. Diese Strukturen an der Spitze auswachsender 
neuronaler Fortsätze (Neurite) enthalten ein Zytoskelett aus verschiedenen 
Biopolymeren. Deren Polymerisationsdynamik bildet in Kombination mit der 
Aktivität von Motorproteinen die Grundlage des gerichteten Neuritenwachstums. 
Zwei miteinender wechselwirkende Teilsysteme, Aktinfilamente mit Myosin 
Motorproteinen auf der einen und Mikrotubuli mit Dynein Motorproteinen auf der 
anderen Seite, zeigen ein gegenläufiges dynamisches Verhalten. Die Balance 
zwischen den Systemen erlaubt es dem Wachstumskegel, schnell zwischen 
Vorwärts- und Rückwärtsbewegungen umzuschalten. Im Rahmen der Arbeit 
wurden fluoreszenzmikroskopische Aufnahmen von lebenden Wachstumskegeln 
angefertigt und mit eigens entwickelten Bildanalysemethoden ausgewertet. Auf 
Grundlage der Deformation von Mikrotubuli wurden lokale Kräfte berechnet, die 
auf die Filamente wirken. Es zeigt sich, dass diese mindestens       pro 
Mikrotubulus betragen und somit signifikant zur Vorwärtsbewegung des 
Wachstumskegels beitragen. Darüber hinaus zeigt sich, dass die lokale 
Deformationsrate der Mikrotubuli eng mit der Form des Wachstumskegels und 
der Dynamik des Aktin-Zytoskeletts zusammenhängt. Die Geschwindigkeit der 
retrograden Aktinbewegung ist zeitlich mit der Mikrotubuli-Deformation korreliert, 
was darauf hindeutet, dass die Wechselwirkungen zwischen den beiden 
Systemen durch interne Kopplungsmechanismen reguliert wird.  
Ein weiterer Schwerpunkt der Arbeit liegt auf der Charakterisierung und 
Quantifizierung von Abbau- und Rückzugsprozessen von Wachstumskegeln, die 
bei der Entstehung eines funktionierenden neuralen Netzwerks ebenfalls von 
großer Bedeutung sind. Eine bisher undokumentierte Variante des Abbaus bzw. 
der Neuanordnung von dynamischen Strukturen in Wachstumskegeln wird 
beschrieben und deren molekulare Ursachen diskutiert. Dabei werden 
Mechanismen vorgestellt, mit deren Hilfe vorwärtsgerichtete Kräfte kompensiert 
oder abgebaut werden, um das Neuritenwachstum vorübergehend einzustellen 
ohne einen kompletten Rückzug des Fortsatzes auszulösen. 
Die Ergebnisse der Arbeit tragen zum umfassenden Verständnis des neuronalen 
Wachstums bei und können in Zukunft Anwendung z.B. im Bereich der 
Nervenregeneration finden. Zudem werden weitere Aspekte der 
Wachstumskegeldynamik beleuchtet, die diese gegen herkömmliche 
Zellbewegung abgrenzen. 
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Abstract 
Sensory-motile cells fulfill various biological functions ranging from immune 
activity or wound healing to the formation of the highly complex nervous systems 
of vertebrates. In the case of neurons, a dynamic structure at the tip of 
outgrowing processes navigates towards target cells or areas during the 
generation of neural networks. These fan shaped growth cones are equipped 
with a highly complex molecular machinery able to detect various external stimuli 
and to translate them into directed motion. Receptor and adhesion molecules 
trigger signaling cascades that regulate the dynamics of an internal polymeric 
scaffold, the cytoskeleton. It plays a crucial role in morphology maintenance as 
well as in the generation and distribution of growth cone forces. The two major 
components, actin and microtubules (MTs) connect on multiple levels through 
interwoven biochemical and mechanical interactions. Actin monomers assemble 
into semiflexible filaments (F-actin) which in turn are either arranged in entangled 
networks in the flat outer region of the growth cone (lamellipodium) or in radial 
bundles termed filopodia. The dynamic network of actin filaments extends 
through polymerization at the front edge of the lamellipodium and is 
simultaneously moving towards the center (C-domain) of the growth cone. This 
retrograde flow (RF) of the actin network is driven by the polymerizing filaments 
themselves pushing against the cell membrane and the contractile activity of 
motor proteins (myosins), mainly in the more central transition zone (T-zone). 
Through transmembrane adhesion molecules, a fraction of the retrograde flow 
forces is mechanically transmitted to the cellular substrate in a clutch-like 
mechanism generating traction and moving the GC forward. MTs are tubular 
polymeric structures assembled from two types of tubulin protein subunits. They 
are densely bundled in the neurite and at the growth cone “neck” (where the 
neurite opens out into the growth cone) they splay apart entering the C-domain 
and more peripheral regions (P-domain). Their advancement is driven by 
polymerization and dynein motor protein activity. The two subsystems, an 
extending array of MTs and the centripetal moving actin network are antagonistic 
players regulating GC morphology and motility. Numerous experimental findings 
suggest that MTs pushing from the rear interact with actin structures and 
contribute to GC advancement. Nevertheless, the amount of force generated or 
transmitted through these rigid structures has not been investigated yet. In the 
present dissertation, the deformation of MTs under the influence of intracellular 
load is analyzed with fluorescence microscopy techniques to estimate these 
forces. RF mechanically couples to MTs in the GC periphery through friction and 
molecular cross-linkers. This leads to MT buckling which in turn allows the 
calculation of the underlying force. It turns out that forces of at least       act on 
individual MT filaments in the GC periphery. Compared to the relatively low 
overall protrusion force of neuronal GCs, this is a substantial contribution. 
Interestingly, two populations of MTs buckle under different loads suggesting 
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different buckling conditions. These could be ascribed to either the length-
dependent flexural rigidity of MTs or local variations in the mechanical properties 
of the lamellipodial actin network. Furthermore, the relation between MT 
deformation levels and GC morphology and advancement was investigated. A 
clear trend evolves that links higher MT deformation in certain areas to their 
advancement. Interactions between RF and MTs also influence flow velocity and 
MT deformation. It is shown that transient RF bursts are related to higher MT 
deformation in the same region. An internal molecular clutch mechanism is 
proposed that links MT deformation to GC advancement. 
When focusing on GC dynamics it is often neglected that the retraction of 
neurites and the controlled collapse of GCs are as important for proper neural 
network formation as oriented outgrowth. Since erroneous connections can 
cause equally severe malfunctions as missing ones, the pruning of aberrant 
processes or the transient stalling of outgrowth at pivotal locations are common 
events in neuronal growth. To date, mainly short term pausing with minor 
cytoskeletal rearrangements or the full detachment and retraction of neurite 
segments were described. It is likely that these two variants do not cover the full 
range of possible events during neuronal pathfinding and that pausing on 
intermediate time scales is an appropriate means to avoid the misdetection of 
faint or ambiguous external signals. In the NG108-15 neuroblastoma cells 
investigated here, a novel type of collapse was observed. It is characterized by 
the degradation of actin network structures in the periphery while radial filopodia 
and the C-domain persist. Actin bundles in filopodia are segmented at one or 
multiple breaking points and subsequently fold onto the edge of the C-domain 
where they form an actin-rich barrier blocking MT extension. Due to this 
characteristic, this type of collapse was termed fold collapse. Possible molecular 
players responsible for this remarkable process are discussed. Throughout fold 
collapse, GC C-domain area and position remain stable and only the turnover of 
peripheral actin structures is abolished. At the same time, MT driven neurite 
elongation is hindered, causing the GC to stall on a time scale of several to tens 
of minutes. In many cases, new lamellipodial structures emerge after some time, 
indicating the transient nature of this collapse variant. From the detailed 
description of the cytoskeletal dynamics during collapse a working model 
including substrate contacts and contractile actin-myosin activity is derived. 
Within this model, the known and newly found types of GC collapse and 
retraction can be reduced to variations in local adhesion and motor protein 
activity.  
Altogether the results of this work indicate a more prominent role of forward 
directed MT-based forces in neuronal growth than previously assumed. Their 
regulation and distribution during outgrowth has significant impact on neurite 
orientation and advancement. The deformation of MT filaments is closely related 
to retrograde actin flow which in turn is a regulator of edge protrusion. For the 
stalling of GCs it is not only required that actin dynamics are decoupled from the 
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environment but also that MT pushing is suppressed. In the case of fold collapse, 
this is achieved through a robust barrier assembled from filopodial actin bundles.  
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1 Introduction 
The question where mental processes, sensations and emotions are generated 
in the human organism and what the underlying mechanisms are has occupied 
philosophers and scientists for thousands of years. When the first (today 
preserved) document on brain anatomy and the nervous system was written by 
Egyptian physician Imhotep (about 1700 B.C.), mankind was far from 
understanding the details of neuroanatomy that research has revealed in the last 
centuries. It took hundreds of years and many extraordinary physicians and other 
researchers from various cultures and disciplines until a comprehensive picture 
of the human nervous system could be established. It was then possible to 
ascribe certain functions of the organism to specific parts of the nervous system, 
mostly from what had been learned from injured or mentally disabled patients. 
Finer structures of nerve fibers, the brain, the spinal cord and the peripheral 
nervous system, however, were inaccessible until in the late 16th century the light 
microscope was developed. From then on more and more anatomic details were 
discovered and documented. Another milestone in the history of neuroscience 
was Luigi Galvani’s discovery that electric potentials are able to trigger muscle 
contraction in animals, a first step towards the understanding of nerve signal 
transduction. Improved measuring and visualization techniques eventually 
allowed Matthias Scheiden and Theodor Schwann in the 19th century to realize 
that all living matter consists of cells which led to seminal insights concerning the 
structure and function of nerve tissue. These findings and the work of Camillo 
Golgi who identified neuronal cells as ‘building blocks’ of the nervous system 
were the prerequisite for the groundbreaking discoveries of Santiago Ramón y 
Cajal in the late 19th century. He postulated that billions of interconnected 
polarized neurons make up the nervous system, which is the basis for our 
today’s understanding of neuroanatomy and the interactions between individual 
neurons. Golgy and Ramón y Cajal received the Nobel Prize for their work and 
were the first in a series of Nobel laureates awarded for their progress on 
structure and function of the nervous system. Among them biophysicists and 
physiologists like Eccles, Hodgkin and Huxley who investigated the mechanisms 
of electric signal transduction in the cell membrane of neurons and laid the 
foundation of modern neuro-electrophysiology.  
The above (far from being exhaustive) historical outline illustrates that 
neuroscience has always been a field of research benefiting from 
interdisciplinary approaches and scientific input from various directions. Today, 
neuroscience extends to a wide range of disciplines from the classical 
neurobiology and neurology to chemistry, mathematics, physics, computer 
science and psychology, to cover only the most important fields. Progress in 
science also is often directly linked to technical improvements; insights on the 
molecular level would be out of reach without state-of-the-art biochemistry or 
Introduction  Neuronal Growth Cone Dynamics 
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physical methods. Procedures to selectively label single molecular components 
inside living cells and sophisticated microscopy techniques allow a wide range of 
experiments that were inconceivable fifty to hundred years ago. In the last 
decades, biophysicists have more and more focused on the internal micro-
mechanics in living matter including individual cells and a new mechanistic 
aspect of intra- and intercellular processes has evolved. Results obtained with 
novel techniques allowing to measure forces in the piconewton range and to 
observe biopolymeric structures of the cytoskeleton with high spatial and 
temporal resolution shed new light on intracellular organization and the 
interactions of cells with their environment. It turns out that in addition to 
biochemical aspects the physical properties of living matter substantially 
influence cellular communication, differentiation and locomotion. This opens the 
view for new approaches in artificial tissue culture as well as the treatment of 
neurological injuries since today we know much more about the optimal 
biophysical conditions for neuronal growth or regeneration.  
The outgrowth of neuronal processes (neurites) is 
the fundamental mechanism that eventually leads 
to the initial establishment of an intact nervous 
system and, under favorable circumstances, to 
the regeneration of injured nerve fibers or lost 
functional connections. A pivotal role in the 
directed growth of neurites can be ascribed to the 
moto-sensory organelle at their tip which, 
according to its shape, Ramón y Cajal termed 
growth cone [Ramón y Cajal, 1904]. Growth 
cones perform complex sensory tasks when 
evaluating their surrounding for biochemical and 
mechanical stimuli. These stimuli are processed 
on a molecular level and converted into dynamic 
responses guiding the neurite towards the 
desired target cell or tissue.  
It is well established that the morphology and dynamics of growth cones are 
mainly governed by two cytoskeletal components, actin protein fibers and 
microtubules, which, at a first glance, seem to be opposing players. Actin 
monomers assemble into chain-like filaments that form a network with fibers 
polymerizing at the front of the growth cone. This pushes the leading edge 
forward. At the same time, the network is transported backwards by the growing 
filaments and small molecular motors known as myosin proteins. In the central 
region of the growth cone, actin depolymerizes and sets free the monomers for 
re-polymerization at the front. The permanent retrograde actin flow is 
mechanically linked to the cell substrate through adhesion complexes crossing 
the cell membrane. The transient nature of these connections gave rise to the 
Figure 1 Drawing of growth 
cones by Ramón y Cajal [1904] 
Neuronal Growth Cone Dynamics  Introduction 
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widely accepted clutch model for cell locomotion developed by Mitchison and 
Kirschner in the late 1980s [Mitchison and Kirschner, 1988]. In this model, 
substrate traction is regulated via engaged/disengaged molecular connections 
(clutches) between the cell and its environment. Accordingly, actin 
polymerization pushing against the membrane and myosin contraction were 
considered the driving forces of growth cone motility. Microtubules, long tubular 
structures built from tubulin protein subunits, were believed to mainly serve as 
transportation pathways and to stabilize the direction of outgrowth in re-orienting 
growth cones by following guiding actin structures. Even though they originate 
from dense bundles in the neurite, enter the growth cone and polymerize against 
the retrograde actin flow, their mechanical impact on growth cone forces and 
motility was hardly considered in early investigations.  
More recent studies enter into the question whether the regulation of growth 
cone advancement may be based on the balance of retrogradely directed actin-
myosin activity on one side and the extension of microtubules through 
polymerization and dynein (microtubule-based motor proteins) forces on the 
other side. Details of microtubule pushing forces and the counteracting dynamic 
structures of the actin and microtubule cytoskeleton in neuronal growth have not 
yet been revealed and are in the focus of the work presented in this thesis. While 
the steady turnover of the actin network alone is very well understood, many 
open questions remain regarding the mechanical role of microtubules and their 
interactions with the actin cytoskeleton. It appears obvious that both components 
contribute to the generation of forces required to move the growth cone forward; 
many details of force generation and distribution, however, are still unclear. It 
was observed that microtubules often align with radial actin bundles, so-called 
filopodia, and polymerize into the outer region of the growth cone. These 
“exploratory” microtubules are assumed to directly influence growth cone turning 
by selectively pushing certain areas forward. A large number of microtubules, 
however, never reaches the periphery of the cone and is subject to extensive 
deformations when exposed to the retrograde moving actin network. From a 
physical perspective, these filaments undergo a transition from a straight to a 
buckled configuration and are able to store deformation energy that needs to be 
accounted for when aiming to draw a comprehensive picture of GC mechanics. 
In addition to the well investigated forces generated by actin-myosin contractility 
and their transmission to the substrate via molecular clutches, forces originating 
from the MT cytoskeleton need to be regarded. A simple comparison of the 
internal actin-based and external traction forces seems insufficient to account for 
the complexity of neuronal growth mechanics. The physical properties of 
microtubules are topic of intense research since their complex molecular 
structure (described in Chapter 2.1.4) leads to anisotropic mechanical 
responses. Here, the simplifying Euler-Bernoulli model was applied to evaluate 
the forces required to cause the observed buckling events. Taking into account 
the mechanical support of microtubules through the actin network they are 
Introduction  Neuronal Growth Cone Dynamics 
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embedded in, it turns out that the counteracting forces of dynamic actin and 
microtubules, and thus the pushing forces generated by microtubules, 
significantly contribute to the overall protrusion forces of the growth cone. 
Moreover, the collected data indicates that two populations of microtubules 
undergo buckling under different circumstances resulting in distinct post-buckling 
geometries. Once filaments are deformed, they act as storage for mechanical 
energy originating from actin kinetics and microtubule polymerization pressure. 
In experiments visualizing the dynamics of microtubules and actin in active 
growth cones, it was possible to determine the rate of deformation in terms of 
local microtubule curvature and deformation levels could be related to overall 
morphological changes. Following the basic principle of actio equals reactio an 
impact of the energy loss through microtubule deformation on retrograde flow 
velocity was assumed. Where applicable, local actin flow was analyzed in order 
to relate its rate to the deformation of microtubules in the same region. It could 
be confirmed that an increase in actin flow can lead to a time delayed increase in 
microtubule deformation which, in turn, seems to slow down retrograde actin 
flow. 
In addition to the directed motility of growth cones, their collapse and retraction is 
a crucial process in neuronal pathfinding. The verification of ambiguous external 
signals requires pausing of outgrowth and occasionally the retraction of parts of 
the neurite. During the present studies with neuroblastoma cells, growth cone 
collapsing and neurite retraction events that are known to be part of regular 
pathfinding could frequently be observed. In a more detailed analysis of these 
incidents, two different modes of growth cone collapse could be identified that 
require different states of adhesion, myosin activity and actin dynamics. One well 
known variant of growth cone collapse includes the disassembly of peripheral 
actin networks followed by a retraction of the former growth cone. This is 
accompanied by either the pulling out of so called retraction fibers or the 
concentration of cellular material in a structure termed retraction bulb. The 
mechanisms observed in the present study strikingly differ from the 
aforementioned retraction processes and seem to be of a more transient nature 
than a full retraction. Since details of all involved molecular components that 
regulate the complicated collapse are not readily accessible, a 
phenomenological model was developed to describe the observed variants of 
growth cone collapse and neurite retraction. It is based on known mechanisms of 
adhesion and cytoskeleton dynamics and incorporates the new findings on 
growth cone force generation described above. With this modular description, it 
is possible to characterize a broad range of events with a minimum number of 
components sufficient to reproduce many observed variants of morphological 
changes including growth cone advancement, steering and collapse. 
For the reader’s convenience, selected sections of this thesis are prefaced by 
short introductory comments that summarize previous paragraphs or adumbrate 
Neuronal Growth Cone Dynamics  Introduction 
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the content of the coming section. These little “guideposts” should help to place 
the provided information in the appropriate context and spotlight important 
relations throughout the document. In addition, some longer paragraphs are 
structured by subheadings excluded from chapter enumeration to facilitate the 
navigation through these text passages.  
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2 Background 
Moving in a directed fashion is a key ability of many cell types and is involved in 
a multitude of biological processes. A large variety of cell motility mechanisms is 
known, each applying specific cellular components or organelles. The simplest 
type relies on periodically beating structures on the cell surface (cilia or flagella) 
and is mainly found in cells residing in aqueous media like sperm cells or 
waterborne bacteria (e.g. Escherichia Coli). The more complex amoeboid motion 
employs membrane areas that detach from the underlying cellular structures to 
form blebs (hence also termed blebbing motion) which are subsequently filled 
with cellular material, thus expanding the cell in the respective direction. The 
most common (and at the same time most complicated) type of motility in 
eukaryotic cells is so-called crawling motion. Crawling motion requires dynamic 
polymer structures within the cell and is the basic concept underlying important 
processes like wound healing through tissue or epidermal cells, cancer 
progression and metastasis (in combination with other types of motility), and 
directed neuronal growth. The latter in turn is crucial for the development of 
neural structures in all kinds of organisms, from the rather simple networks in 
worms or insects, to the highly complex central and peripheral nervous system of 
humans and other vertebrates. In the following paragraphs the cellular 
components required for crawling cell motion will be introduced and the concept 
of this process will be illustrated. 
 
2.1 The cytoskeleton – an active biopolymer network 
Like all cellular processes, crawling motility requires dynamic components on a 
molecular level, powered by the phosphorylation of nucleoside triphosphates 
(ATP, GTP), the main source of chemical energy within the eukaryotic cell. Two 
polar bio-polymeric structures, actin filaments and microtubules, and a number of 
related motor and accessory proteins are able to convert this energy into 
directed motion through highly complex and partially interrelated mechanisms. 
Together with the rather static intermediate filaments, actin and microtubules 
constitute the cytoskeleton and are responsible for cellular stability, morphology 
maintenance and modification, as well as static and dynamic mechanical 
properties of the cell.  
For a better understanding of the mechanisms of cellular motility, we will first 
have a closer look at the general behavior of single polymers and polymeric 
solutions. In the last decades, great efforts have been made to adapt general 
principles of polymer physics to theoretically describe the unique situation in 
motile cells.  A thorough description of general polymer physics would be beyond 
Background  Neuronal Growth Cone Dynamics 
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the scope of this thesis, thus we will focus on systems resembling the bio-
polymers relevant for growth cone motility, namely actin and microtubules. 
 
2.1.1 Semiflexible polymers and networks 
A successful approach towards the understanding of the mechanical properties 
of single filaments and polymeric solutions and networks is the so-called 
wormlike chain model introduced by Kratky and Porod in 1949 [Kratky and 
Porod, 1949]. It treats the filament as an isotropic, inextensible rod that is 
continuously flexible. The geometric configuration of the polymer chain is 
captured by a description of a space curve      with total length   parameterized 
in terms of the arc length or contour length  . The according free energy is the 
total elastic energy stored in the deformed filament as compared to an 
undisturbed straight configuration: 
      
 
 
 
 
 
  
  
 
 
        
(2-1) 
with the tangent vector                and the bending stiffness  . Polymeric 
chain structures as they are 
found in the cytoskeleton or 
in artificial materials are 
typically classified by the 
length scale of their thermal 
fluctuations in relation to their 
size. These fluctuations are 
governed by a competition 
between thermal energy     
deforming the chain and the 
stiffness   of the polymer 
aiming to reach and maintain 
a straight configuration. 
Depending on temperature 
and the value of  , the 
orientations of the tangent 
vectors   are correlated over 
certain distances. The 
characteristic length scale of the exponential decay of these orientational 
correlations is termed persistence length    and is an important parameter to 
describe polymer flexibility. If, in the temperature range of interest, the total 
contour length   of a polymer by far exceeds the persistence length, the polymer 
Figure 2 Anisotropic mechanical response of 
Semiflexible Polymer Chains. The response of the 
chain can be characterized in terms of an effective 
spring constant which depends on the orientation    
of the force. Figure from [Frey et al., 1999] with 
permission. 
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is classified as flexible. Chains with a length similar to their persistence length 
are called semiflexible while polymers much shorter than    are termed stiff. This 
classification, however, is not as strict and on the length scale of cells and their 
substructures, polymers of the cytoskeleton are often treated as both, 
semiflexible or stiff, depending on their free contour length. Following established 
theoretical models we will consider actin filaments as semiflexible polymers since 
this allows a quite good description of their behavior. 
Single semiflexible polymers show anisotropic responses to external forces as 
the restoring force (equivalent to a Hookean spring) depends on the orientation 
of the filament with respect to the applied force (Figure 2). While the transverse 
spring coefficient is proportional to      and independent of  temperature  , its 
longitudinal counterpart is proportional to      [Frey et al., 1999].  
The transition from single fibers to filament solutions is not trivial and their 
properties in general depend on the concentration of filaments. While in dilute 
solutions interactions between filaments are almost completely absent due to 
large spacing, concentrated solutions show increased orientational order and 
liquid-crystalline phases. For our purpose, semi-dilute solutions are of greatest 
interest since they most adequately reflect the situation of actin networks in 
motile cells. Translation, rotation and fluctuation of the polymer chains are 
strongly confined by other filaments. In combination with the anisotropic 
response of single filaments to deformations, this gives rise to the complex 
macroscopic viscoelastic properties of semi-dilute networks of semiflexible 
polymers. 
In an entangled network of filaments, the fluctuations of individual filaments and 
their translation through the network are limited by steric interactions with 
neighboring polymers. The situation is well described by a virtual tube that 
contains the filament and illustrates the geometrical confinements imposed by 
the surrounding network (see Figure 3). Interestingly, such tubes are not merely 
a theoretical idea. They could experimentally be observed in actin solutions in 
vitro [Käs et al., 1994]. In a dynamic environment, the tube radius itself is subject 
to fluctuations which was included in a recent adaptation of the tube model 
[Glaser et al., 2010]. The predominant motion of filaments is reptation, i.e. the 
thermally driven winding through existent pores and temporary openings in the 
network. Nevertheless it takes a relatively long time until a filament has 
completely moved out of its initial confining tube. This has significant impact on 
network relaxation times and mechanical responses strongly depend on the time 
scale and strength of external forces.  
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Figure 3 Tube Model/Reptation A tube 
(mesh structure) encloses the test filament 
(red) and represents the boundaries 
imposed by other filaments (grey) in the 
network. Since undulations are limited to 
the (variable) tube radius, the preferred 
mode of motion is reptation. The test 
filament fluctuates within the tube and 
translates through the network (red 
arrows). Figure from   http://soft-
matter.seas.harvard.edu/index.php/Polymer
_melts. 
Experimental investigations of the mechanics of flexible networks demonstrate a 
characteristic behavior following externally applied perturbations. Typically, the 
strain (or stress) of a material as response to applied stress (or strain) is 
recorded resulting in characteristic stress-strain relations as shown in Figure 4. 
When applying a constant stress (starting from t=0), a quick elastic response is 
followed by a slower long term deformation. An applied constant strain results in 
a quasi-instantaneous elastic deformation and subsequent relaxation due to 
viscous flow (see Figure 4). 
Figure 4 Stress-
strain relations of 
polymer solutions  
A An applied stress 
causes a fast strain 
response followed 
by continuous vis-
cous deformation. 
B Strain appli-
cation results in a 
quasi-instantaneous 
elastic stress that 
relaxes through 
viscous flow. 
 
Rheological measurements are usually performed over a range of perturbation 
frequencies aiming to capture the time dependencies of viscous and elastic 
contributions to the overall material properties. For semiflexible semi-dilute 
solutions the frequency spectrum typically features three different regimes (see 
Figure 5). At low frequencies, the filaments have time to rearrange and adapt to 
external perturbations, thus the response is predominantly viscous. On an 
intermediate scale, filament entanglements do not relax quickly enough and 
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effectively act as permanent cross-links. This results in frequency-independent 
elastic responses and gives rise to the so called rubber plateau (see Figure 5 A). 
In the high frequency regime, a power law increase of both, storage modulus G’ 
and loss modulus G” was observed [Amblard et al., 1996; Gittes et al., 1997]. All 
these complex phenomena occur in entangled solutions of semiflexible polymers 
without chemical cross-links and can satisfyingly be described by the 
aforementioned tube model [Morse, 2001]. It was shown that small variations in 
additional factors (temperature, filament size and concentrations) can 
significantly influence network mechanics in the nonlinear regime and on long 
time scales [Semmrich et al., 2007]. 
 
When strains are externally imposed on entangled polymer networks, individual 
filaments do not only start to move in order to relax internal stresses but are also 
pulled into more straight configurations. Once filaments are fully straightened, 
the Young’s modulus of the network significantly increases. This effect is known 
as strain hardening. For flexible networks with highly undulated chains, very 
large strains are required to trigger strain hardening. For networks of vimentin 
filaments (a type of flexible intermediate filament), 100% strain were reported as 
the threshold for hardening. Semiflexible polymer solutions (e.g. actin), in 
contrast, show a significant increase in stiffness already at strains below 20% 
[Storm et al., 2005]. 
More recently, modifications of the wormlike chain model were developed 
including the phenomena of materials that undergo glass transitions. A glass 
transition is characterized by the conversion of a liquid state material to an 
amorphous solid through cooling or compression and results in drastic changes 
of the material properties. The glassy wormlike chain model (GWLC) assumes 
that polymers in semi-dilute solutions are sticky and interact via small adhesive 
contact patches [Kroy and Glaser, 2007; Kroy, 2008]. The attractive potential of 
Figure 1 Frequency spectra of viscoelastic polymer solutions. A Typical frequency 
dependence of viscoelastic moduli measured in a polymer solution. At low frequencies 
the response is predominantly viscous. In the rubber plateau regime,    is almost 
frequency-independent. B Measured values for an entangled actin solution at high 
frequencies. At the end of the rubber plateau     exceeds   . Image from [Frey et al., 
1999] with permission. 
Background  Neuronal Growth Cone Dynamics 
20 
 
these patches constitutes an energy barrier that needs to be overcome if a single 
filament wants to move within the network of polymeric chains (illustrated in 
Figure 6). The height   of this barrier has direct implications for the macroscopic 
behavior of the polymer solution and manifests in a characteristic stretching of 
the relaxation spectrum. Higher peaks in the energy landscape (corresponding to 
more sticky filaments) or lower thermal energy (from cooling) can cause glass-
like transitions and thus slow down internal dynamics significantly. The GWLC 
model has successfully been applied to reproduce experimental data, especially 
in the nonlinear region of rheological measurements. The idea of friction-based 
interactions in biological materials in general seems to be a promising approach 
towards the understanding of this complex type of matter. 
 
Figure 6 The Glassy 
Wormlike Chain Model 
Polymeric chains locally 
interact via adhesive patches. 
Their attractive potentials 
create an energy landscape 
characterized by barriers of 
height   that need to be 
overcome by thermal energy 
in order to allow filament 
reconfiguration and 
translation. Image from 
[Kroy, 2008] with 
permission. 
 
2.1.2 Bundles 
The formation of multi-filament structures from semiflexible polymers is not 
limited to isotropic networks.  Especially in a cellular context, the formation of 
parallel filament bundles is frequently observed. Despite being assembled from 
the same basic elements, bundled structures further extend the range of possible 
mechanical properties. It is obvious that in a parallel arrangement the bending 
rigidity of an ensemble exceeds that of one individual filament. Without additional 
factors, one expects a linear relation between bundle stiffness    and the 
number of filaments  . On the scale of polymeric chains, an additional influence 
of the sliding of filaments past each other needs to be accounted for and leads to 
a mechanical response that again depends on the time and length scale of 
imposed perturbations [Heussinger et al., 2007]. Within the cell, filament bundles 
are usually cross-linked which adds another parameter to the description of 
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bundle mechanics. In the worm-like bundle (WLB) model developed by 
Heussinger, Bathe and colleagues [Bathe et al., 2008; Heussinger et al., 2010] 
this factor enters the calculation in terms of a coupling parameter   that 
additionally influences   . For high   (i.e. strong coupling), they find that the 
relation between    and   is quadratic      
   leading to extraordinary stiff 
structures even for low numbers of incorporated filaments. 
 
2.1.3 Stiff polymers 
In this paragraph we will focus on stiff polymers since they complement the 
semiflexible system described before and add characteristic features to the 
properties of multi-component cellular polymer networks. A stiff polymer with 
persistence length      filament length   is often treated like a macroscopic rod 
or column with stiffness   that appears in an extended configuration on the 
observed length scale. The classic Euler-Bernoulli beam theory considers a 
continuous, isotropically elastic rod with a length-independent stiffness and was 
initially applied in calculations of large scale constructions built from slender 
columns and bars. The effect of external axial forces on such a column depends 
on the total column length, its stiffness, the conditions of its endpoints (e.g. fixed, 
free to rotate or free to rotate and translate) and, of course, the magnitude of the 
applied force. In this simplified theory ignoring transverse shearing within the 
beam, the dynamics of a stiff polymer under axial compressive force    is 
governed by 
  
   
   
   
   
   
    
   
   
 
(2-2) 
with   :   longitudinal Young’s modulus 
  :   moment of inertia of the cross section 
       axial coordinate and time 
       : total deflection 
  :   mass density 
  :  area of the cross section 
The flexural rigidity      is assumed to be constant throughout the filament or 
beam and is not length-dependent. A central process in the response of straight 
beams to axial compressive forces is buckling where the structure fails to 
withstand compression and bends under the load. In the classic Euler-Bernoulli 
theory the critical force        leading to buckling is given by 
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 (2-3) 
where   is a parameter that accounts for the end support of the column and   is 
the filament length. This very basic formulation has found frequent application in 
the description of stiff polymer behavior in living cells even though its ability to 
capture the full complexity of biopolymeric structures is very limited. When 
introducing microtubules as stiff polymeric components of the cytoskeleton 
(Chapter 2.1.4) the characteristics resulting from the anisotropic arrangement of 
monomers will be further discussed. In Chapter 5 (Discussion) we will see that 
under certain circumstances the Euler-Bernoulli approach is sufficiently accurate 
to analyze the deformation of microtubule filaments. 
 
2.1.4 Polymeric proteins of the cytoskeleton 
After this short introduction into the physics of semiflexible networks and stiff 
polymers, we will have a closer look at the actual biopolymeric structures 
assembled by biological cells and which additional features are required to 
achieve directed motility. First, we will focus on actin filaments, networks and 
bundles, followed by a chapter introducing the complex structure and function of 
microtubules. 
Actin 
General properties 
Actin is a protein with a molecular weight of about 42 kDa that is highly 
conserved throughout species and is found in almost all eukaryotic cells. It has a 
globular shape and is divided in two halves by a central cleft with binding sites 
for complexes of adenosine triphosphate (ATP) or adenosine diphosphate (ADP) 
and divalent ions (Mg2+ or Ca2+).  In its unbound form, it is termed G-actin 
(globular actin). Each monomer has two structurally and functionally discernible 
ends with different binding affinities for other actin molecules. Opposite ends of 
actin monomers can bind to each other in a specific configuration resulting in 
helical filaments. The filamentous form of actin (F-actin) inherits the polarity of its 
building blocks resulting in unique polymerization properties making F-actin one 
of the most important structural and dynamic components of the cell. Due to their 
distinct geometry in early electron microscopy images [Huxley, 1963] the two 
ends of an actin filament (and of monomers) are termed barbed and pointed end. 
Functional polarity arises from the aforementioned differences in monomer 
binding affinities and rates. In a concentrated solution of actin monomers under 
physiological conditions, monomers attach and filaments grow. If the G-actin 
concentration drops below a critical value, monomers dissociate from the end of 
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the filament. This critical concentration is lower for the barbed end than the 
pointed end. This means, that at a certain range of monomer concentrations, 
actin filaments will grow at the barbed end and shrink at the pointed end. The 
filament ends are hence also termed plus end (barbed) and minus end (pointed). 
At a characteristic G-actin concentration, the binding rate at the plus end equals 
the unbinding rate at the minus end. In this equilibrium state the overall filament 
length remains constant and all incorporated monomers are stationary while the 
filament apparently moves forward (see Figure 7). This process is called 
treadmilling and marks one of the basic principles of crawling motility.  
 
Figure 7 Treadmilling 
and organization of 
actin by functional 
proteins In the 
treadmilling state, actin 
monomers assemble at 
the plus end and 
dissociate at the minus 
end. Thus, the filament 
performs a net forward 
movement even though 
the individual monomers 
stay in place. Different 
types of associated 
proteins support actin 
organization through 
severing (e.g. gelsolin), increase of depolymerization (e.g. cofilin), promotion of ADP-
ATP exchange (e.g. profilin), bundling (e.g. α-actinin) or cross-linking (e.g. filamin). 
Image adapted from [Cingolani and Goda, 2008] with permission. 
 
Mechanics 
With a persistence length of         actin is classified as a semiflexible 
biopolymer since    is in the same order of magnitude as the filament length  . 
Thus, all phenomena described in Section 2.1.1 can also be observed in semi-
dilute actin solutions. Storage and loss modulus    and     show the frequency 
dependence schematically displayed in Figure 5 and as stated before, actin gels 
perform significant strain hardening already at low strain rates. Having this 
unique and complicated mechanical behavior in mind, the question arises, why 
semiflexible filaments were evolutionary selected for cellular stability and 
dynamic processes. The answer is simple and complex at a time: Only 
semiflexible filaments are versatile enough to cover the broad range of 
mechanical properties required for the functioning of a cell under changing 
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environmental conditions (the complex part is to understand these). In Section 
2.1.1 we have learned that small variations in concentration and filament length 
as well as strains above a certain threshold significantly alter the mechanical 
properties of actin networks. Thus, actin as a semiflexible polymer endows the 
cell with an excellent tool inherently able to adapt quickly to various requirements 
and to generate structures covering a broad range of functions and mechanical 
properties. In the cellular context, the fascinating viscoelastic properties of actin 
solutions are even further extended by the addition of different cross-linking 
proteins. The level of the rubber plateau, for instance, strongly depends on 
cross-linker concentration. A simple approach to describe these networks 
assumes that the cross-links themselves are rigid and do not directly contribute 
to network viscoelasticity. This appears to be true for a certain class of cross-
linking proteins and it was shown that variations in the density of cross-links and 
the concentration of actin in the solution significantly alter the elastic properties 
of the system [Gardel et al., 2004]. If compliant cross-linkers are introduced, an 
even broader range of elastic responses and a strong dependence on actin 
filament length can be observed [Kasza et al., 2010]. This agrees with previous 
theoretical considerations that relate chain length in semiflexible polymer 
solutions to the level of rubber plateau elasticity [MacKintosh et al., 1995]. 
Besides entangled or cross-linked networks, actin filaments can also be 
connected to form bundles with very high flexural rigidity and orientational order. 
As we will see, these play an important role in cell motility, guidance and the 
detection of environmental cues. Applying the WLB model to estimate the 
stiffness of actin bundles delivers a linear dependency of the bundle rigidity    on 
the filament number   for bundles without cross-links and, as mentioned above, 
a quadratic relation for fully coupled filament bundles        . Thus the 
formation of cross-linked bundles represents another example of how within the 
cytoskeleton a wide range of mechanical properties is achieved with a minimal 
number of components. 
Directed motion arises from polarity, orientation and motor activity 
Within a motile cell, actin filaments in entangled networks are generally not 
oriented randomly but are preferably arranged with their faster growing plus end 
towards the cell edge and the direction of motion. As a result, the motion of 
single filaments characterized by the treadmilling process is synchronized. This 
leads to a net movement not only of single filaments within the network but to a 
global movement of the semi-dilute actin gel present in motile cells. An additional 
active factor is introduced through myosin family motor proteins that can bind to 
and move along actin filaments. Myosins are abundant in muscle cells where 
they generate the force required for muscle contraction [Huxley, 1969]. In motile 
cells, mainly non-muscle myosin II (NM II) interacts with actin filaments [Vicente-
Manzanares et al., 2009]. NM II features two globular head domains that can 
bind both ATP and F-actin. Together they form a motor domain able to change 
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its spatial configuration and thus to rotate in a process termed power stroke (see 
Figure 8). The double-head is followed by neck regions, which mechanically 
amplify ATP powered head rotation in a lever-like fashion [Holmes, 2008]. The 
tail region interacts with cargo molecules that are transported along actin 
filaments or other myosin molecules forming small filaments with multiple F-actin 
binding sites [Niederman and Pollard, 1975]. 
These complexes of myosin motors constitute molecular force-dipoles that can 
bundle and slide actin filaments past each other and thus contract actin network 
structures or multi-filament fibers [Vicente-Manzanares et al., 2009]. Local up-
regulation of myosin concentration and activity in certain regions of the cell leads 
to spatially confined contractile forces providing further polarization of the active 
actin gel. 
 
Microtubules 
General properties 
Microtubules are hollow, circular tubes assembled from tubulin proteins. Single 
tubulins are globular (like actin momomers) and have a molecular weight of 
about 55kDa. Two subtypes, α- and β-tubulin form dimers which can bind 
guanosine triphosphate (GTP) and then assemble into a sheet-like structure. 
Eventually the sheet closes and builds the wall of a tube approximately 24nm in 
diameter. Within the tube wall, α- and β-monomers are alternately arranged in 
typically thirteen parallel strands, so called protofilaments (PF). These are 
Figure 8 Myosin Motor Protein Activity. The myosin double-head has two actin binding 
sites. Powered by ATP hydrolysis, the configuration of the neck domain changes (power 
stroke) and brings the second head domain in a favorable position for binding to the actin 
filament. With one exception the thirty-five myosin variants identified today all move towards 
the plus end of actin filaments [Sweeney and Houdusse, 2010]. The step width of myosins 
wandering along actin filaments is in the range of tens of nanometers [Vale and Milligan, 
2000]. Image adapted from [Goodsell, 2001] with permission. 
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slightly shifted against each other so that in addition to the parallel orientation, 
helicity emerges (see Figure 9). 
Variations in protofilament number and shift occur. Dimer polarity also induces 
polarity in microtubule filaments that have a faster growing end (plus end) with 
exposed β-tubulin subunits and a slower growing end (minus end) with exposed 
α-tubulins. In most cases, filament polymerization is nucleated at the minus end 
by capping proteins and a ring-complex of a third monomer subtype, γ-tubulin, 
leaving only the plus end available for polymerization. Once a dimer is in a 
polymerized state, i.e. incorporated in a filament, GTP quickly hydrolyzes to GDP 
(guanosine diphosphate) which leads to a configurational change within the 
dimers, puts the protofilaments under tension and reduces microtubule stability. 
However, as long as enough new dimers attach to the end, a cap of GTP-dimers 
protects the tube from disassembly. Without the cap, e.g. at low concentrations 
of free tubulin monomers and dimers, the microtubule immediately switches from 
a growing to a shrinking state. After this transition termed catastrophe, the 
connections between protofilaments break apart and they curl outward due to the 
angular hydrolysis-induced configuration of the incorporated dimers. GDP-dimers 
or parts of the protofilaments detach and the tube rapidly depolymerizes. Free 
dimers can exchange GDP for GTP and replenish the pool of material available 
for polymerization. The reverse case where shrinkage is stopped and new 
dimers attach to the plus-end forming a new GTP-cap is termed rescue. The 
Figure 9 Dynamic Instability of Microtubules. A Structure of a microtubule filament 
with a capped minus end and 13 protofilaments. B Different growth states during 
dynamic instability.  Image from [Conde and Caceres, 2009] with permission. 
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process of switching between growth and depolymerization phases is regulated 
by many factors including temperature as well as monomer and GTP 
concentration and is called dynamic instability of microtubules. 
Mechanics 
The complex internal structure of microtubule filaments gives rise to equally 
complex mechanical properties. The three-dimensional interactions between 
polymerized tubulin subunits are highly anisotropic. Within protofilaments, strong 
interactions result in high longitudinal stiffness while inter-PF bonds are rather 
flexible and weak [Sept et al., 2003] and are the first to break apart after 
catastrophe. Cryo-electron microscopy studies revealed structural details of 
internal MT organization and improved our understanding of how their 
mechanical properties emerge from subunit organization [Li et al., 2002; Sui and 
Downing, 2010]. It was found that the main interaction between adjacent 
protofilaments is provided by a ring shaped connection between the so called M-
loops of neighboring tubulin monomers at the luminal side of the tube. The 
specific geometry of this connection is independent of the actual number of 
protofilaments and can tolerate high lateral deformations preventing the MT from 
collapsing and being kinked under high forces. In addition to these connections, 
several possible sites for the formation of salt bridges have been identified. In 
conclusion, the combination of high lateral deformability and longitudinal stiffness 
is an inherent property of assembled microtubules and is crucial for their 
structural stability under in vivo conditions.  
In the past, measurements of the flexural rigidity   of stabilized MTs have 
produced a broad range of results between             [Felgner et al., 1996] 
and              [Gittes et al., 1993]. This could partially be ascribed to 
variations in measurement techniques [Kasas and Dietler, 2007] as well as MT 
polymerization conditions [Janson and Dogterom, 2004]. More recent studies 
report that   depends on the free filament length, i.e. the length of the fluctuating 
microtubule contour [Pampaloni et al., 2006; Taute et al., 2008].  The most 
promising theoretical approaches aiming to explain this experimentally observed 
length dependence consider the aforementioned structural anisotropy in their 
analyses. In a continuum mechanics picture, strong intra- and weak inter-
protofilament bonds result in a shear modulus   being much smaller than the 
Young’s modulus   [Pampaloni et al., 2006].  This agrees with experimental data 
from scanning force microscopy measurements showing that   is 2-3 orders of 
magnitude smaller than   for microtubules [Kis et al., 2002; Kasas et al., 2004a, 
2004b]. A different approach was made by the group of E. Frey who described 
the structure of microtubules as filament bundles [Bathe et al., 2006; Heussinger 
et al., 2010]. Their wormlike-bundle model (WLB model, described before in the 
context of actin filament bundles) can also be applied to slightly deformed (e.g. 
thermally fluctuating) microtubules and delivers a length-dependent rigidity. 
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However, the experimentally determined range of MT stiffness values can only 
poorly be reproduced by this model in its current state. 
The key to successfully describing the apparently length-dependent rigidity of 
microtubule filaments seems to be to account for the anisotropy in interactions 
between tubulin subunits. In a direct comparison, Shi and colleagues showed 
that the classic Euler-Bernoulli beam model can be successfully applied to 
describe the length dependence of   when an additional term for internal 
shearing is introduced [Shi et al., 2008]. This more general model is known as 
the Timoshenko beam model and was previously applied for calculations on 
large macroscopic beam columns with internal shear. In their paper, Shi et al. 
show that even the simple one-dimensional variant of this theory yields results as 
accurate as those from more sophisticated and complicated two-dimensional 
shell models suggested by other groups [Li et al., 2006; Pampaloni et al., 2006]. 
The accuracy of the different models strongly depends on the ratio        of 
the shear modulus and the longitudinal Young’s modulus which have both been 
measured by different groups with a wide range of results [see Li et al., 2006; Shi 
et al., 2008 and references therein]. Also the length and the bending mode of the 
microtubule under consideration have a strong impact on the models’ 
applicability. Based on the data presented by Shi et al. [2008] the Euler-Bernoulli 
model can be considered sufficiently accurate for the analysis presented in this 
thesis. In section 5, this will be discussed in more detail. For the analysis of 
buckling events, the extended Timoshenko beam theory yields a length-
independent critical force       which is at a first glance a surprising result. 
However, while the flexural rigidity of MTs grows approximately quadratic with 
their length, the force required to buckle a rod is proportional to the inverse 
squared length. Thus, over a wide range of MT lengths, both effects balance 
leading to a constant (i.e. length-independent) buckling force.  
Microtubule binding motor proteins 
The dynamics of microtubules in living cells are not regulated by dynamic 
instability processes alone. Analogous to actin binding myosins, microtubule 
associated motor proteins (motor MAPs) convert energy from ATP hydrolysis into 
directed motion and can carry load along microtubules. Among other tasks they 
are involved in organelle and vesicle transport, orientation of spindle MTs during 
cell division as well as contraction or expansion of MT-based structures. Motor 
proteins of the dynein family move with up to        and are usually directed 
towards the less dynamic minus end of microtubules. [Kreis and Vale, 1999; 
Wade, 2009]. Individual dyneins can carry cargo towards the cell center (where 
most MT minus ends are located) while aggregates of dyneins are able to slide 
parallel MTs against each other causing microtubule translocation [Johnson et 
al., 1984]. 
With the exception of one variant, all proteins of the second family, kinesins, 
migrate towards the plus end of MTs. They are somewhat slower than dyneins 
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(about       ). Like other motor proteins they are crucial for intracellular 
transport and carry load in form of organelles and protein filled vesicles towards 
the periphery of the cell and have been shown to actively pull spindle MTs 
towards the pole during cell division [Kreis and Vale, 1999].  
  
2.1.5 Cytoskeleton Structure and Cell Motility 
Now that we are familiar with the basic dynamic and mechanical properties of the 
two cytoskeletal filaments most relevant for cell motion, we will focus on their 
organization and regulation during cellular motility. After a short overview over 
the basic components of motile cells, a more detailed picture of growth cone 
motility mechanisms and principles will be drawn. 
Actin-based structures in motile cells 
Performing directed motion requires an initial polarization of the cell [Nabi, 1999]; 
symmetry breaking events after activation of the cell either trigger a contraction 
at the prospective rear of the cell or produce a thin, veil-like structure pointing 
towards the direction of motion [Abercrombie, 1980; Cramer, 2010]. This so 
called lamellum is a membrane envelope filled with a network of branched and 
entangled actin filaments with their fast polymerizing plus ends facing the leading 
edge of the cell [Small et al., 1995]. Following polarization, three parallel 
processes are essential to cellular motility: The protrusion of the leading edge (i), 
the formation of physical contacts with the substrate in the extended front region 
(ii), and the contraction of the cell rear accompanied by the disintegration of said 
adhesions (iii). Edge protrusion is mainly driven by the active actin network in the 
front part of the lamellum, the lamellipodium (schematically shown in Figure 10). 
The addition of new monomers results in polymerization pressure pushing the 
membrane forward [Pollard and Borisy, 2003] and at the same time causing the 
whole network to move towards the cell body in a permanent retrograde flow 
(RF). Having reached the proximal part of the lamellum, actin filaments 
depolymerize feeding the pool of free monomers that get phosphorylated and 
transported back to the front for re-polymerization. This is a concerted version of 
the treadmilling process described above for single actin filaments.   
 
 
 
 
Background  Neuronal Growth Cone Dynamics 
30 
 
Some of the actin filaments are organized in bundles termed filopodia that 
protrude from the leading edge and serve as sensors probing the environment 
and pioneer structures establishing new contacts to the substrate [Mattila and 
Lappalainen, 2008]. The complex structure and cellular functions of filopodia are 
still under investigation and conversely discussed. Thus we will focus again on 
filopodia in Chapter 2.1.7. 
To maintain structure and function of this network, a set of actin associated 
proteins with regulatory functions is expressed by the cell. The Arp2/3 protein 
complex is enriched close to the cell’s leading edge, where it nucleates new actin 
filaments and creates branches in existing ones. This leads to a very dense and 
highly branched actin network with relative short filaments in the lamellipodium 
[Svitkina, 1999]. In this region filaments can be linked to the edge membrane 
through Ena/VASP proteins. Filament growth is supported by promoters like 
profilin which facilitates the phosphorylation of actin monomers, thus readily 
providing new material for filament assembly [Kreis and Vale, 1999]. On the 
other hand filaments can be passivated at their ends through capping proteins or 
whole filaments can be severed by actin depolymerizing factors (ADF) and cofilin 
or gelsolin family proteins. Severing in turn creates new free plus ends for 
polymerization into longer filaments. The proteins named above only represent a 
small excerpt of all known factors involved in the regulation of actin network 
polymerization. Nevertheless they are representative for the most important 
mechanisms contributing to the turnover of monomers in dynamic actin 
networks. A schematic representation of their function and distribution close to 
the front edge of a moving cell is shown in Figure 11.  
 
Figure 10 The motile 
cell. Actin polymeri-
zation pushes the edge 
forward and together 
with myosin activity 
drives the retrograde 
flow (RF) of actin 
towards the rear where 
filaments depolymerize. 
MT minus ends are 
located in the MT 
organizing center 
(MTOC) at the centro-
some.  
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Figure 11 Actin Dynamics and Associated Proteins in Motile Cells. [Pollard et al., 
2000, 2001] With permission. 
Contractile myosin motors are enriched in the lamellum near the soma where 
they condense depolymerizing actin filaments and support the retrograde flow 
transporting actin material from the extending edge towards the cell. Together 
with polymerization forces at the front, they drive actin turnover and keep the 
polymerization treadmill running [Mitchison and Cramer, 1996]. As long as 
filaments grow faster at the leading edge than they are transported back by 
retrograde flow, the cell edge keeps protruding. If RF velocity exceeds filament 
growth speed, the edge retracts [Betz et al., 2009]. At first sight it appears 
excessive to waste a great portion of the available energy for a process only 
turning actin monomers over and over again instead of putting all energy into 
forward motion. However, the fragile balance between polymerization at the 
edge and back transport through retrograde flow allows for fast switching 
between protrusion and retraction of the edge just by up- or downregulating actin 
polymerization and without inverting the whole machinery. Especially in cells 
following external signals (e.g. biochemical guidance factors), short scale 
fluctuations of the edge implemented by polymerization regulation seem to play a 
decisive role in motility and path-finding [Betz et al., 2009; Knorr et al., 2011]. 
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Microtubules in cell motility 
The function of microtubules in motile cells seems to be harder to grasp and 
strongly varies with cell types. In resident as well as moving cells, microtubules 
are typically arranged in an aster-like structure linked to the nucleus. The center 
of this structure is called microtubule organizing center (MTOC) and contains a 
protein complex enriched with microtubule polymerization nucleators. All MTs 
originating from the MTOC are oriented with their highly dynamic plus ends 
towards the cell periphery. Self-regulating MT dynamics with force-dependent 
rates of catastrophe and rescue events keep the nucleus at its position and 
contribute to the maintenance of cellular morphology [Tran et al., 2001; Faivre-
Moskalenko and Dogterom, 2002; Lagomarsino et al., 2007]. During cell motility, 
a subset of dynamic MTs enters the lamellum and lamellipodium where it 
polymerizes against the retrograde flow of the treadmilling actin gel. These MTs 
are involved in the initiation and maintenance of cell polarity and are closely 
linked to a number of motility-related signaling processes [Kaverina and Straube, 
2011]. For long times, actin was considered the main driving force in cellular 
locomotion but more and more evidence was found that microtubules are equally 
important for protrusion and do not only serve as stabilizers or tracks for 
intracellular transport [Etienne-Manneville, 2004]. The picture of microtubules as 
players in cellular motility, however, is far from being complete. While the 
migration of many cell types is negatively affected by a loss of MTs, the 
persistent motion of keratocytes (epidermal cells) is hardly altered by drug-
induced MT disassembly [Euteneuer and Schliwa, 1984]. On the other hand, the 
disruption of actin networks through respective drugs impairs the motility of many 
cell types with the exception of neuronal processes that are preferably formed in 
the absence of contractile actin structures [Bradke and Dotti, 1999]. This 
suggests a microtubule based variant of protrusion rather hindered than powered 
by the actin-myosin system. These and many related findings point to a close 
interaction between the actin and microtubule cytoskeleton in motile cells. Even 
though more details are still to be revealed, it seems likely that the cell type 
specific organization of the cytoskeleton and the particular mode of locomotion 
leads to a broad range of bidirectional MT-actin interactions. Their relation and 
importance to growth cone motility in neuronal cells will be further discussed in 
section 2.1.6. 
Cellular adhesions 
The complex actin machinery described above can be considered the motor of 
moving cells converting the “fuel” in form of triphosphates into a (de-) 
polymerization cycle. However, the machine would remain in an idle state if the 
forces generated by actin polymerization and myosin contractility could not be 
efficiently transmitted onto the substrate. Following the automotive analogy, the 
function of tires is fulfilled by protein aggregates termed focal adhesion 
complexes (FACs) that mechanically link the retrograde flow of the actin 
cytoskeleton to the cellular environment. Typically these aggregations include 
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trans-membrane proteins of the integrin family that combine receptors for 
extracellular matrix components with binding sites to proteins that in turn link to 
the cytoskeleton (see Figure 12). Thus, a direct connection between intra- and 
extracellular structures is established and internal forces from actin dynamics 
can be converted into traction forces directly applied to the substrate.  
 
Figure 12 Focal 
adhesion complex 
Transmembrane 
proteins (integrins) 
connect the 
extracellular 
environment to 
focal contact 
proteins like talin 
and paxilin which 
are linked to the 
actin cytoskeleton 
directly or via 
complexes of 
vinculin, α-actinin 
and other related 
proteins. In addition 
to the establishment 
of mechanical links, 
focal adhesions also 
act as mechano-
senitive signaling 
modules e.g. via the 
focal adhesion kinase (FAK) pathway. Image reproduced from [Mitra et al., 2005] with 
permission. 
It was suggested that the regulation of this force transmission can be described 
in terms of a molecular clutch mechanism [Mitchison and Kirschner, 1988]. In 
this mechanistic model, the link between integrins connected to the extracellular 
substrate and the dynamic actin cytoskeleton can be in different states of 
engagement/disengagement leading to higher or lower force transmission, 
respectively. Originally developed to describe the growth of integrin anchored 
neuronal extensions [Mitchison and Kirschner, 1988; Suter and Forscher, 1998], 
the molecular clutch model was also suggested for other motile cells, e.g. 
fibroblasts [Smilenov et al., 1999], and cadherin- (a protein involved in cell-cell 
contacts) based adhesions [Bard et al., 2008]. Despite their rather static behavior 
with respect to the substrate, FACs are dynamic modules that emerge from small 
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protein clusters assembled at the cell front. Mechanical stress originating from 
the retrograde motion of linked actin fibers triggers conformational changes in 
some of the included proteins and leads to the recruitment of more adhesion 
related components. Eventually this results in strengthening of the adhesion site 
and FACs with a size in the micrometer range are formed [Balaban et al., 2001]. 
In addition to local protein recruitment, the mechano-sensitive FACs also 
address cellular signaling pathways via focal adhesion kinase (FAK), a signaling 
molecule able to trigger cytoskeleton rearrangements. Thus, FACs are not 
simple molecular tires putting the power to the pavement but highly sophisticated 
sensory organelles involved in mechano-sensing, i.e. the ability of the cell to 
detect and respond to its mechanical environment. 
Summary 
With this more detailed knowledge of their molecular origin, the three 
aforementioned basic processes of cell motility can be summarized as follows:  
- The cell edge is pushed forward by the concerted polymerization of 
polarized, oriented actin filaments; at the same time the polymerization 
pressure in combination with myosin contractility drives the retrograde 
flow (RF) of the actin network; microtubules in some cases actively 
contribute to cell advancement, however, their role is not conclusively 
revealed. 
- Focal adhesions form at the front of the cell and (when under tension) 
mature to focal adhesion complexes that transmit forces from the RF onto 
the substrate, regulated by a molecular clutch mechanism. 
- At the cell rear, the cytoskeleton is contracted through myosin activity and 
adhesion sites are disassembled to allow a forward movement of the cell 
body. 
These or very similar events can be observed in all crawling cells, including 
neuronal extensions. In the next chapter we will discover more details of 
neuronal motility in order to understand the characteristics of this special type of 
cellular growth. 
 
2.1.6 Neuron Structure and Growth Cone Motility 
Neuronal cells as well rely on crawling motility when sending their processes 
towards other cells to establish functional junctions. These can be neuron-
neuron contacts (synapses) or neuro-muscular junctions that allow the activation 
of muscle cells via intercellular signaling pathways. A motile sensory organelle 
termed growth cone leads each neuronal process towards its target and is 
equipped with dynamic elements similar to those of self-propelling cells 
described in the previous chapter. These common components, including actin 
networks and bundles as well as microtubule arrangements are employed in 
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similar nevertheless unique ways resulting in the distinct motility behavior and 
abilities of growth cones. In this section, we will focus on the basic structure of 
neuronal cells, followed by a more detailed introduction of the mechanisms of 
growth cone motility. 
Neurons 
A neuron is a motile cell per se only at the beginning of embryonic neuronal 
development or in the limited cases of adult neurogenesis [Praag et al., 2002]. 
Once it has reached its position within the tissue, it remains stationary and 
projects extensions to other parts of the organism, thus establishing the nervous 
system. These processes are termed neurites and can reach lengths in the 
centimeter or meter range, depending on their function and location within the 
organism. Two types of neurites need to be distinguished. As shown in Figure 
13, each neuron usually produces one axon that delivers outgoing signals and 
multiple branched dendrites with small spines for signal reception. Both, 
dendrites and axons are filled with densely packed microtubule bundles 
(compare Figure 14). The length of incorporated MT filaments ranges from the 
sub-micrometer scale to more than one hundred micrometers [Brown et al., 
1993; Yu and Baas, 1994]. They are involved in neurite length regulation [Drubin 
Figure 13 Schematic of a neuronal cell. The cell body (soma) is filled with cytosol and 
contains the same functional organelles found in other cell types including the (smooth and 
rough) endoplasmic reticulum (ER), ribosomes, mitochondria and the nucleus. Image from 
http://en.wikipedia.org/wiki/Neuron. 
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et al., 1985; Black et al., 1986] and serve as binding substrates and transport 
tracks for dyneins (moving towards the minus end of the filament) and kinesins 
(plus end directed). Polarity seems to play a decisive role in the development of 
axons and dendrites. While microtubules in dendrites can be oriented both ways, 
axons only contain MT filaments with their faster growing plus end pointing 
towards the tip [Heidemann et al., 1981; Baas et al., 1988]. This polarization is 
required to organize axon-specific transport and organelle-positioning 
mechanisms [Zheng et al., 2008].  
 
Figure 14 Laser scanning image of an NG108-15 neuroblastoma cell. During the 
formation of neurites, microtubules (green) concentrate in bundles constituting the shaft 
while F-actin (red) is found predominately in the GC periphery. In the microtubule 
organizing center (MTOC), aster-like MT configurations maintain the nucleus position. 
 
The growth cone 
Outgrowing neurites fulfill one the most important functions during the 
development of an organism, namely the establishment of correct neural circuits 
and connections in the central and peripheral nervous system. Virtually all vital 
functions of higher organisms depend on the proper functioning of their nervous 
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system and malfunctions can have severe consequences. Thus it is of great 
importance to provide a system of robust guidance mechanisms controlling 
neurite outgrowth and path-finding. A growth cone is located at the tip of every 
neurite where it maintains well defined and directed growth. Typically, growth 
cones are hand-shaped and those at the end of dendrites are smaller and less 
pronounced than that of the axon. A growth cone can be divided into three 
functionally and structurally different domains (compare Figure 15): 
(i) The central domain (C-domain) is the growth cone ‘neck’ where the 
axonal shaft filled with bundled MTs ends and the axon begins to 
flatten out. 
(ii) The peripheral domain (P-domain) is a flat and fan-shaped region rich 
in F-actin networks (the lamellum and lamellipodium), densely 
interspersed with filopodia. The latter appear much more often in 
growth cones than in other motile cells and fulfill important sensory 
and mechanical functions.  
(iii) The transition zone (T-zone) connects both domains and is the 
conversion area where actin networks growing from the edge are 
contracted through myosin and depolymerize. 
 
 
Figure 15 Laser scanning image of the growth cone cytoskeleton (green:MTs, red:F-
actin) and schematic. 
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Neuronal growth cones share many dynamic features with crawling cells: actin 
network and filopodia polymerization at the edge is opposed by myosin 
supported retrograde flow; new adhesion sites assemble at the leading edge and 
in filopodia, and occasionally microtubules extend into the front region. 
Nevertheless, there are structural and dynamic characteristics that distinguish 
growth cone motility from that of crawling cells: 
- The growth cone is not a self-contained entity but is linked to the rest of 
the cell through the neurite (i.e. there is no rear to be pulled forward). 
- Microtubules in the neurite are bundled and many parallel MTs enter the 
growth cone at the neck region. 
- These microtubules splay apart radially and frequently grow into the P-
domain where they preferentially align with filopodia. 
- The number and density of filopodia exceeds that of other motile cells. 
- The forces generated by protruding growth cones are much smaller than 
that of whole cells [Betz et al., 2011; Fuhs et al., 2012]. 
- The lamellipodium edge performs small scale fluctuations and phases of 
retraction rather than showing persistent extension [Knorr et al., 2011]. 
Growth cones can be considered navigational road building machines that probe 
the environment, evaluate the most suitable path for neurite elongation and 
accordingly arrange molecular material for neurite elongation. Therefore, the 
actin cytoskeleton of the growth cone has to fulfill highly complex tasks. It shapes 
dynamic lamellum and lamellipodium structures known from other motile cell 
types. Retrograde flow velocities of actin networks in growth cones of cell lines 
and murine primary cells range from             to            [Knorr et al., 
2011; Koch et al., 2012]. Actin bundles located inside filopodia perform similar 
polymerization and retrograde flow kinetics, their dynamics and functions are 
described in greater detail in Section 2.1.7.  
Since the main duty of the growth cone is the defined prolongation of a neurite, 
mechanisms are required that reconfigure the cytoskeleton in the C-domain to 
built up the condensed structure of the neurite shaft while the growth cone itself 
moves forward. Previously spread microtubules are bundled by contractile actin-
myosin complexes in the growth cone neck that later enclose the neurite right 
underneath the membrane. Meanwhile MTs from the shaft keep moving into the 
T-zone and C-domain, driven by polymerization and dynamic instability. 
Expansive MT-dynein interactions in the shaft support neurite elongation and 
additionally push microtubules into the growth cone. This is opposed by the 
contractile actin-myosin system found in the T-zone and P-domain [Ahmad et al., 
2000; Baas and Ahmad, 2001; Myers et al., 2006]. Thus, two subsets of actin 
and MTs can be distinguished with regard to their function: 
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(i) In the P-domain, MTs perform dynamic instability and, in combination with 
overturning actin networks and filopodia, determine the growth cone’s 
dynamic abilities.  
(ii) Near the growth cone neck and in the neurite shaft, stabilized 
microtubules consolidate the newly shaped neurite and interact with 
dynein motor proteins. A contractile actin-myosin envelope compresses 
the microtubule bundle. 
It is important to note that in contrast to whole cell motility, growth cone 
advancement is a process that consumes portions of the cytoskeleton and other 
cellular material to build the elongated neurite. As a transiently fixed structure, 
the neurite shaft provides stability to the growth cone rear and serves as 
substrate for expansive microtubules adding a second source of protrusive 
forces. As we will learn from the results presented in chapter 4, these 
microtubule based forces can play a major role in growth cone motility.  
In the past, different functions could be ascribed to microtubules in the growth 
cone periphery, e.g. in turning experiments. It was shown that in growth cones 
turning away from non-permissive substrates, microtubules concentrate on the 
side the growth cone turns to. Treatment with microtubule stabilizing agent taxol 
impairs this ability of growth cones to change direction at such substrate borders 
[Williamson et al., 1996]. Local release of taxol leads to turning towards the site 
of application while the microtubule destabilizing agent nocodazole has the 
inverse effect [Buck and Zheng, 2002]. In conclusion, the distribution and stability 
of microtubules is directly linked to growth cone reorientation. The impact of MT 
asymmetry on growth cone mechanics and force distribution, however, has not 
yet been intensively studied. 
Due to their comparatively small area and height, the mechanical properties and 
internal forces of growth cones are very difficult to access. Recent 
measurements with a stabilized atomic force microscope (AFM) in our lab 
yielded first results on the viscoelastic properties of the growth cone 
lamellipodium and the forces generated by the growth cone itself as well as the 
retrograde actin flow. The average Young’s modulus of the growth cone 
lamellipodium was determined to be 120 Pa for NG108-15 neuroblastoma cells 
and 50 Pa for primary neurons [Fuhs et al., 2012]. In comparison to other cells 
(e.g. fibroblasts: several     as measured by Solon et al. [2007]) this is very soft 
and limits the forces a growth cone can bare or exert to its environment before 
disintegrating. As expected from these results, the protrusion forces of growth 
cones are an order of magnitude smaller than that of other cells (e.g. 
keratocytes: tens of    as shown by Brunner et al. [2006]). In their experiments, 
Fuhs et al. showed that growth cones encountering an obstacle can only 
generate local forces of 170 pN, corresponding to a maximum pressure of about 
150 Pa [Fuhs et al., 2012]. Against this background, rigid structures like 
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microtubules and filopodia gain more and more importance in modeling and 
understanding growth cone mechanics. 
Cellular mechanotaxis 
Like many other cell types, neurons and their growth cones are durotactic. This 
means that they respond to the stiffness of their environment and, if exposed to 
substrate rigidity variations, show clear preferences to certain stiffness ranges. 
Connective tissue cells like fibroblasts can generate substantial contractile forces 
through the formation of actin-myosin stress fibers and are among the cell types 
known to migrate towards stiffer regions of a gradient substrate [Harland et al., 
2011]. Considering that their force generation and motility is predominantly 
based on traction and contraction, this is not a surprising fact. The less compliant 
a substrate is, the less energy is dissipated through substrate deformation and 
the better the traction. Growth cones of neurons seem to show an inverse 
durotactic behavior. Even though not all types of neurons respond to substrate 
stiffness to the same extent [Norman and Aranda-Espinoza, 2010; Koch et al., 
2012], growing evidence is found that they prefer soft substrates over rigid ones 
[Franze and Guck, 2010]. The frequency of neurite branching, a fundamental 
process in neural network formation, is significantly increased on softer 
substrates [Flanagan et al., 2002]. Also growth rates of axons in three-
dimensional matrices show a notable increase with substrate softness [Balgude 
et al., 2001; Willits and Skornia, 2004]. In their natural environment, neurons face 
the softest tissue found in the mammalian organism [Moore and Sheetz, 2011]. 
Thus it appears obvious that their mechanosensitive and motile apparatus needs 
to adapt to these circumstances. The open question is, what exact mechanisms 
lead to this particular response to soft substrates and enable neuronal growth 
cones to move even faster in a usually unfavorable compliant environment. 
Several attempts have been made to answer this question. Chan and Odde 
[2008] proposed a molecular clutch system in the filopodia of GCs that results in 
a positive feedback response on soft substrates. In their description, compliant 
substrates lead to longer average binding times of molecular adhesions possibly 
improving overall traction. It is reasonable to assume that these or similar 
mechanosensitive mechanisms contribute to the inverse durotactic behavior 
observed in growth cones. Since filopodia are only one component among many 
that constitute the force generating protrusive machinery, a closer look at the 
whole ensemble driving neurite elongation is indicated. In conclusion, several 
facts suggest that the microtubule cytoskeleton is the key structure responsible 
for the unique behavior of growth cones: 
- Unlike in other motile cells, MTs are densely bundled in the stable GC 
rear which provides an excellent starting point for expansive forces. 
- The inhibition of MT based dynein activity leads to higher GC collapse and 
retraction rates even though the actin cytoskeleton is undisturbed [Ahmad 
Neuronal Growth Cone Dynamics  Background 
41 
 
et al., 2000] and significantly reduces the number of MTs in the periphery 
of the GC [Myers et al., 2006]. 
- The effects of dynein inhibition is reversed by myosin inhibition [Myers et 
al., 2006]. 
- A reduction of actin polymerization  (and thus of actin RF and turnover) 
does not limit but favor neurite elongation [Bradke and Dotti, 1999]. 
Eventually it is improbable that actin polymerization in the soft lamellipodium veil 
is the sole source of GC protrusion forces. Nevertheless, the regulation of actin 
assembly and back transport seems to be closely linked to orientation and 
turning processes. At the current stage, many aspects of growth cone motility are 
well understood while others remain rather elusive and need to be further 
investigated. Especially the functions ascribed to microtubules, their 
polymerization, extension and deformation under internal cellular forces raise 
questions that still need to be answered. 
 
2.1.7 Function of growth cone filopodia  
As briefly described above, filopodia are cellular protrusions filled with parallel 
actin fibers oriented with their plus ends towards the distal tip. They occur in a 
wide variety of cell types where they are believed to fulfill different functions like 
the sensing of environmental guidance cues and the formation of pioneer 
adhesive contacts [Mattila and Lappalainen, 2008]. The process of filopodia 
formation is not yet fully understood. However, the presence of formins (signaling 
proteins that regulate actin polymerization) is assumed to play an essential role. 
Formins and related proteins have the ability to initiate new filaments and 
filament bundles and to free previously capped filament ends which can resume 
polymerization [Faix and Rottner, 2006]. Another possible route to the formation 
of filopodial actin bundles is the fusion of existing filaments from the dendritic 
actin network of the lamellipodium into lambda-shaped filopodia precursor 
structures which subsequently elongate [Svitkina et al., 2003]. The number of 
filaments in filopodia varies but mathematical models suggest a minimum 
number of about ten filaments that are required to overcome membrane tension 
and to form long extensions. At the same time the number of filaments in a 
growing filopodium is restricted by the limited flow of actin monomers necessary 
for polymerization. Thus, the optimal number of filaments was estimated to be 
about 30 [Mogilner and Rubinstein, 2005].  
Filopodia are rich in adhesion and signaling molecules related to their role as 
sensory elements that scan the cellular environment for external stimuli. Besides 
the detection of chemotropic gradients, they are also involved in mechanical 
interactions. Actin bundles in filopodia perform myosin- and polymerization-
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driven retrograde flow and via their adhesion sites act as mechanical clutches 
between the cytoskeleton and the substrate [Jay, 2000; Chan and Odde, 2008].  
Especially in the filopodia-rich, highly specialized growth cones of 
neuronal cells, the dynamics and function of filopodia are of great importance. 
Optical microscopy studies suggested a close relation between the oriented 
motion of GCs and filopodia activity [Bray, 1982]. This was supported by the 
finding that the loss of motility of postnatal rat neurons is accompanied by a 
strong reduction in filopodia number [Argiro et al., 1985]. Inhibition of actin 
polymerization also eliminates filopodia and impairs the path-finding abilities of 
neurons [Bentley and Toroian-Raymond, 1986]. The area explored by GC 
filopodia is naturally limited by their length which in turn seems to be strongly 
regulated by intra- and extracellular calcium signaling [Rehder and Kater, 1992]. 
Adhesion molecules enriched in GC filopodia tips and shafts are not only 
establishing new contacts for further protrusion but also fulfill multiple regulatory 
tasks, e.g. in mechanosensing [Chan and Odde, 2008]. In addition, the 
advancement and retraction of the lamellipodium between two filopodia is 
controlled by the distribution of different types of adhesions [Steketee and 
Tosney, 2002]. Filopoida adhesion and lateral movement in turn can be 
regulated by microtubules that target and possibly affect the maturation of 
adhesion sites [Schober et al., 2007; Akhmanova et al., 2009]. Even though this 
was only descibed for non-neuronal cells, these interactions may as well be 
relevant for growth cone orientation and dynamics. 
 
2.1.8 Outgrowth, collapse and retraction 
The complex path-finding process of neuronal growth cones is not only governed 
by phases of outgrowth and re-orientation. In many cases the environmental 
cues guiding neurites towards their target are far from being deterministic and for 
the sake of reliability, intermediate pausing of outgrowth or the (partial) retraction 
of extensions is required. Positive gradients (i.e. gradients attracting the GC) are 
known to invert their effect and become repellent once a neurite has reached its 
destination to ensure correct positioning of the neurite tip. In vitro as well as in 
vivo, the extension, pausing and pruning of aberrant neuronal processes are 
common events contributing to the high accuracy of neuronal network formation. 
The significance of GC collapse can be noted during embryonic development, 
where retinal axon GCs collapse and then partially retract upon contact with 
neurites of the sympathetic nervous system, only to try passing the neurite again. 
Such inhibition of neurite outgrowth also occurs in spinal nerve segmentation 
and during the projection of retinal ganglion cells to the optic tectum where axons 
in different regions grow towards spatially distinct tectal areas [Walter et al., 
1990]. Halloran and colleagues were able to show that in living brain slices 
growth cone collapse, retraction, and pausing are not only commonplace, but 
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also occur in a wide range of time scales from 2 to 15 minutes for 10 – 80 µm of 
retraction [Halloran and Kalil, 1994]. Under experimental conditions, growth cone 
collapse and neurite retraction can be triggered by different signaling factors. 
There is convincing evidence that actin and MTs in combination with force 
generating motor proteins drive axonal advancement, retraction, and branching 
and are also crucial for reorientation of the growth cone after stimulation [Brandt, 
1998; Ahmad et al., 2000; Baas and Ahmad, 2001; Andersen, 2005; Kalil and 
Dent, 2005]. To date the contribution of peripheral actin polymerization to growth 
cone collapse remains elusive [Fan et al., 1993; Zhang et al., 2003; Gallo and 
Letourneau, 2004]. Most studies investigating collapse mechanisms agree that 
an increase in actin-myosin contractility drives the retraction of the lamellipodium 
[Baas and Ahmad, 2001; Zhang et al., 2003] and decreases the available space 
for MTs which are buckled and/or looped in the central domain [Ahmad et al., 
2000; Ertürk et al., 2007]. Observations of retraction events after exposure to the 
guidance molecule semaphorin 3A suggest discerning between at least two 
independent processes during withdrawal: The collapse of the lamellipodium and 
the retraction of the neurite driven by different myosin subtypes [Gallo, 2006]. 
After application of lysophosphatidic acid (a Rho/Rho Kinase activator), Zhang et 
al. recorded substantial changes in actin cytoskeleton dynamics leading to a 
partial or full retraction of the neurite [Zhang et al., 2003]. 
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3 Methods and materials 
3.1 Cell lines and culture 
NG108-15 neuroblastoma cells 
The NG108-15 cell line, originally named 108CC15, was developed in the 1970s 
by Daniels and Hamprecht [Daniels and Hamprecht, 1974; Hamprecht, B., 1977]. 
The line was formed by fusing mouse N18TG2 neuroblastoma cells with rat C6-
BU-1 glioma cells in the presence of inactivated Sendai virus. They show 
characteristic features of neurons that were not present in the parent cells and 
serve as model system for neuronal cells in signaling, growth, electrophysiology 
and cell mechanics experiments [Robbins and Sim, 1990; Smalheiser, 1991; 
Goshima et al., 1993; Tojima et al., 2000; Betz et al., 2006, 2009; Tsuji et al., 
2011]. 
NG108-15 neuroblastoma cells were purchased from ATCC (Manassas, VA, 
USA) and cultured in standard growth medium composed of Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1% 
penicillin/streptomycin solution (all purchased from PAA, Pasching, Austria). 
Cells were passaged one to two times per week depending on growth rate and 
confluency level. For passaging, the cells were gently dislocated after medium 
removal by repeated pipette application of fresh, pre-warmed medium. 
Subsequently, 15 to 20% of the initial cell mass was seeded onto new petri-
dishes (Greiner Bio-One, Frickenhausen, Germany). For image acquisition, cells 
were transferred to custom-made glass bottom petri dishes or µ-slide 18-wells 
(IBIDI, Martinsried, Germany) and supplied with phenol-red free Leibovitz’s L-15 
medium with 2% B-27® supplement  (both from Invitrogen, Darmstadt, 
Germany). Prior to cell seeding image acquisition dishes were incubated for at 
least two hours with a          solution of laminin (Sigma, Germany). Laminin is 
an extracellular matrix protein that supports adhesion, spreading and growth of 
neuronal cells and is widely used for substrate coating in neuron cultures. 
Transfection methods 
Transfection is a process where small ring shaped DNA strands (plasmids) are 
inserted into the cell. These plasmids contain information for the expression of 
proteins and are individually created to match experimental requirements. 
Usually a fusion construct consisting of the protein of interest combined with a 
fluorescent marker protein is chosen. Since the cell does not preferably take up 
plasmids from its environment, lipid-based transfection reagents were developed 
that bind plasmids and form complexes that readily fuse with the cell’s plasma 
membrane. The bound plasmids are released to the cell interior where the DNA 
information is translated into protein expression. Usually, plasmids do not enter 
the nucleus and degenerate within two to three days. Thus, daughter cells 
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stemming from transfected cells do not contain copies of the plasmid and the 
transfection is transient, i.e. needs to be repeated before each experiment or 
image acquisition. 
The investigation of cytoskeletal dynamics requires visualization techniques that 
interfere as little as possible with the physical properties of cytoskeletal filaments 
and their dynamics and at the same time yield good fluorescence signals with 
low background. Widely used plasmids generate fluorescent variants of actin and 
tubulin monomers within the cell. The drawback of this method is that unbound 
monomers also carry fluorescent markers and generate significant background 
noise. In addition, the influence of directly labeled monomers on biopolymer 
dynamics is only poorly documented. Recently, two plasmids were developed 
that combine a minimum F-actin- or microtubule-binding domain with fluorescent 
proteins (FPs). They only bind to filamentous structures and leave unbound 
monomers unlabeled. This significantly reduces the background signal and 
allows for more accurate image analysis. In addition, the small binding domains 
reduce the influence on the dynamics of labeled structures to a minimum level 
[Faire et al., 1999; Riedl et al., 2008].  
 Actin visualization was achieved by transfection with mCherry-LifeAct plasmids 
(IBIDI, Martinsried, Germany) and microtubules were labeled using 
pCS2+/EMTB-3XGFP plasmids (developed by Chloë Bulinski and colleagues 
[Faire et al., 1999] and kindly provided by the group of Ewa Paluch, Max Planck 
Institute of Molecular Cell Biology and Genetics, Dresden, Germany). 
Transfections were performed 24-72h prior to image acquisition with liposome-
based Metafectene®Easy (Biontex, Martinsried, Germany).       of cell 
suspension with a concentration of                  were prepared in a 
       centriguge tube (Eppendorf, Hamburg, Germany).      of 
Metafectene®Easy were diluted in       of 1x Easy Buffer (Biontex, Martinsried, 
Germany) and gently mixed with a pipette.       of each type of plasmid were 
added and gently mixed with a pipette. The solution was incubated at      for 
      to allow plasmid-liposome complexes to form. Then the lipoplex solution 
was added carefully to the cell suspension and mixed gently by inverting the tube 
several times. Cells were then seeded into glass bottom experimental dishes and 
cultured at      and    CO2. 
Gelsolin immunostaining 
For gelsolin immunostains a Cy3 conjugated rabbit anti-gelsolin polyclonal 
antibody (purchased from Gentaur Molecular Products, Germany) and a Goat 
anti-Rabbit IgG (H+L)-Cy3 secondary antibody (Dianova, Germany) were used. 
Immunocytochemistry was performed according to standard protocols employing 
4% Paraformaldehyde as a fixation solution,      Triton X-100 as a 
permeabilization solution,    BSA in 1xPBS as a blocking solution, and        
Tween-20 as a wash buffer. Cells were washed with PBS Buffer (at 37°C). Cells 
were then fixed with Paraformaldehyde for 30 minutes (at room temperature) and 
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subsequently washed twice with wash buffer. Triton X-100 was applied for three 
minutes to permeabilize the cell membrane followed by two washing steps with 
wash buffer. The BSA blocking solution was applied at room temperature for 30 
minutes.      Cy3-anti-gelsolin were added into        blocking solution for 60 
minutes (at room temperature) afterwards cells were washed 2 times with wash 
buffer. Then      Cy3-Goat-Anti-Rabbit were added into        blocking solution 
for 60 minutes (at room temperature) after which cells were washed three times 
with wash buffer and covered with PBS. 
 
3.2 Image acquisition 
All images were captured on a Leica TCS SP5 confocal laser scanning 
microscope equipped with an HCX PL APO CS 63.0x1.40 oil immersion 
objective (Leica Microsystems, Wetzlar, Germany). Raw data was processed for 
further image analysis using the proprietary Leica Application Suite Advanced 
Fluorescence (LAS AF). 
 
3.3 Microtubule detection 
The detection of MTs in GCs was performed using custom written MATLAB 
(MathWorks, Natick (MA), USA) routines. The idea is based on suggestions for a 
semi-automated filament detection algorithm described by Brangwynne at al. 
[2007]. In a first step, image contrast is enhanced based on local intensity 
variations in order to increase the signal to noise ratio (s/n) and to facilitate the 
detection of MT contours in the analysis steps. Subsequently, intensity profiles of 
each line of the image in x- and y-direction are generated. These are evaluated 
in one-pixel resolution using built-in MATLAB peak detection algorithms. This 
delivers the locations of intensity peaks throughout the image. The parameters 
peak height and inter-peak distance determine the outcome of the detection 
algorithm and have to be adjusted according to image quality (overall intensity, 
s/n). In this step, due to the x- and y-orientation of intensity profiles and the 
arbitrary orientation of filaments, MT centers can only be roughly detected as 
intensity peaks. For further processing the detected locations are transformed 
into binary images with value one (white) at peak locations and zero (black) 
otherwise. At this stage, white pixels belonging to one individual MT typically do 
not form contiguous shapes but are separated by black gaps. Thus, they are 
dilated until connected shapes emerge. Small shapes resulting from fluorescent 
speckles in the background are filtered by their size such that only large white 
shapes representing MTs remain. Their edges are subsequently smoothed to 
provide optimal starting conditions for the following skeletonization step. Here, 
two-dimensional binary shapes (i.e. the approximate areas covered by MTs) are 
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eroded in iterative steps until a one pixel wide line, approximately at the center of 
the former shape remains. These skeletonized binary images are corrected by 
the user for misdetections or artifacts which cannot be completely avoided, 
especially at intersecting filaments and ring-like structures. This is done by 
inspecting an overlay of the original fluorescent image and the skeletonized 
binary file. The user draws one pixel wide lines at the approximate center of 
neglected filaments and erases mis-detections and artifacts.  
 
The corrected skeletonized image is subsequently used as starting point for 
further image processing. An example of the final detection steps is displayed in 
Figure 16 based on one single filament shown in the zoom-box in A. The red line 
Figure 16 MT detection method. The detection steps are illustrated for one individual 
filament extracted from the GC shown in A. B The approximate center line (red) of the 
MT is obtained from image binarization and skeletonization (see text). C Intensity 
profiles are acquired along equidistant lines perpendicular to the estimated center line. 
Profiles are fitted by Gaussian distributions to determine the location of the peak 
intensity. These are depicted as yellow crosses in D and E. Subsequently, functions are 
fitted to the peak locations via least square spline modeling. The resulting functions are 
the base for curvature calculations. B through F are magnified details of the box in A for 
better visualization of the individual steps. 
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in B represents the sub-pixel spline fit of the approximate center line obtained 
from the skeletonization algorithm or user input. Along this line, equidistant 
perpendicular vectors (green and red arrows in C) define the direction of a 
second set of intensity profiles that are extracted from the original image. Since 
these are now approximately perpendicular to the MT contour line, they typically 
show Gaussian shaped intensity distributions. The accurate detection of the MT 
center is thus performed by fitting Gaussian functions to the intensity profile and 
locating the peak with sub-pixel accuracy. The results of this step are marked 
with yellow crosses in Figure 16 D and in E without arrows for clarity. Based on 
these center locations, a spline fit is performed using the so-called Shape 
Language Modeling (SLM) tool developed by John D’Errico [2009]. The fit results 
are represented by the yellow line in Figure 16 F and G. From the functions 
obtained by SLM fitting, the local curvature was calculated as the second 
derivative. 
 
3.4 Analysis of growth cone dynamics 
Retrograde flow detection 
The detection of retrograde flow velocities was performed with a MATLAB 
(MathWorks, Natick (MA), USA) routine written and developed by Timo Betz and 
colleagues. Details on the algorithms have been previously published [Betz et 
al., 2009] and are reproduced here in a shorter version to illustrate the analysis 
method: A mesh is defined on the growth cone image within the detected shape. 
At each grid point a template pixel area (MASK) is cropped. For grid points at 
which all pixels of MASK are within the shape, the MASK is overlaid onto each 
pixel of a larger search area (SEARCH) at the same grid point in the successive 
image and the cross-correlation value for each SEARCH pixel is calculated. The 
size of SEARCH is set to the sum of the mask size and the pixel distance 
corresponding to a maximum retrograde flow speed of          . This 
calculation finds the pixel area within SEARCH that is most identical to the 
MASK and the position of the maximum cross-correlation value defines the 
displacement vector at this grid point. In this way the movement of a specific 
structure in the time from image 1 to image 2 within SEARCH is identified at 
each grid point and results in a discrete displacement vector field. A three-
dimensional convolution kernel on the filtered discrete displacement field is used 
for interpolation to obtain the final retrograde flow field. The convolution is only 
done for cross-correlation values exceeding a set threshold value and the kernel 
values are linearly weighted with the respective retrograde flow value and cross-
correlation value at each point. In this way only the most reliable values enter the 
convolution and the best detected ones have the highest significance for the 
calculation. 
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Filopodia number evaluation 
A manually drawn line crossing all filopodia in the raw image is the basis of 
further analysis steps. The intensity profile along this line is evaluated and peak 
intensities above a critical threshold are identified as filopodia. Thresholds need 
to be adapted to each image series individually, accounting for initial 
fluorescence intensity and bleaching during image acquisition. 
Growth cone positions  
After pre-selection of the approximate growth cone region (ROI) in the first image 
of a series, an intensity-weighted center of mass (COM) is determined and is set 
as the initial position for tracing. The subsequent image is analyzed based on the 
COM-centered ROI from the previous frame and a new growth cone position is 
determined. To calculate the projected displacement along the axis of neurite 
outgrowth, a line is manually drawn with a fixed point at the origin (first COM) 
and pointed towards the neurite base. This constitutes the y-axis of a translated 
and rotated coordinate system, with its origin in the COM of the first frame. GC 
displacement towards the soma then merely corresponds to the y-coordinate of 
the COM.  
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4 Results 
In the context of this thesis, essential mechanisms of the growth cone 
cytoskeleton have been studied. Microtubules and the actin cytoskeleton 
(together with their related motor proteins) are the main source of forces driving 
growth cone dynamics. The relation between microtubule deformation and global 
morphological changes of the growth cone as well as their impact on retrograde 
actin flow and protrusion force generation will be in the focus of the first sections 
of this chapter.  
Besides protrusion, cytoskeleton based growth cone collapse and neurite 
retraction mechanisms play an equally important role in neuronal path-finding. 
Observations that characterize the key processes leading to previously 
undocumented types of collapse and retraction will be presented in the second 
section. 
An interpretation and discussion of the applied methods and the collected data 
follows in section 5 where the pieces will be put together and the complex 
diversity of growth cone cytoskeleton dynamics will be illustrated. 
 
4.1 Microtubule deformation and growth cone dynamics 
 
4.1.1 MT detection in growth cones 
The subpopulation of dynamic MTs that enter the T-zone and P-domain of active 
growth cones is of great interest when aiming to understand the contribution of 
the MT cytoskeleton to growth cone morphology and advancement. NG108-15 
neuroblastoma cells that develop pronounced GCs were co-transfected with 
mCherry-LifeAct and pCS2+/EMTB-3XGFP plasmids as described in section 3.1 
to simultaneously visualize the actin based lamellipodial network and filopodia as 
well as microtubules. When fused with cationic, liposome-based carrier agents, 
both plasmids are able to enter the cell where their genetic information is 
translated into specific proteins expressed by the cell. In the case of successful 
mCherry-LifeAct (pCS2+/EMTB-3XGFP) uptake, the cell assembles a fusion 
protein consisting of a small F-actin (microtubule) binding domain and a red 
(green) fluorescent protein. With appropriate fluorescence imaging techniques (in 
this case, a laser scanning microscope), both components of the cytoskeleton 
can be simultaneously imaged in separate recording channels.  
A large number of transfection series was necessary to achieve the desired 
quality of fluorescent signals. The success of this procedure depends on multiple 
factors which make its optimization a time consuming and tedious task. 
Nevertheless, an adequate yield of well fluorescing cells is indispensable for 
further image acquisition and analysis. In numerous test series, the optimum 
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ratios of plasmid and transfection agent, duration of incubation, ratio of plasmid-
liposome complexes and cells, cell density and cell adhesion state (attached or 
suspended) was determined. Eventually, the protocol presented in section 3.1 
was established and, in most cases, delivered useful results. The inherent 
stochasticity of biological systems, however, sometimes led to unexpected 
results with cells over-expressing fluorescent proteins, showing unusual 
morphology or internal structure. For the analysis presented in this work, 
transfected cultures were visually compared to untreated controls and only those 
with apparently undisturbed cellular morphology, activity, viability and 
cytoskeleton structure were selected to ensure unambiguous and reproducible 
results. 
The detection of microtubule contours in the raw fluorescence images yielded 
reliable results (compare accuracy tests of the algorithm in section 5.2) and was 
subsequently used to determine the position of microtubules in individual frames 
of multiple image sequences.  
The analysis of MT curvature in fluorescence image sequences delivers a wide 
range of interesting results, mainly on two levels of cytoskeleton complexity. 
First, the local deformation of single MTs allows conclusions on the forces acting 
on individual filaments and their interplay with actin structures of the GC. These 
forces that originate in microtubule polymerization and dynein pushing from the 
axonal shaft as well as retrograde actin flow (axially compressing MTs) are an 
essential part of GC advancement and steering. Second, the analysis of 
ensembles of MTs when all filaments in a whole GC or of certain regions are 
averaged e.g. to gain information on the energy stored in the system. The latter 
ensemble analysis of time lapse series also yields information on the time 
development of MT deformation in distinct areas of the GC that can be related to 
dynamic morphological changes in the course of neurite outgrowth. We will first 
have a look at the general outcome of the detection process, then at individual 
MT deformation and buckling dynamics before we focus on the behavior of 
ensembles of MT filaments and their impact on GC motility. 
An example of microtubule detection is shown in Figure 17. The GFP channel of 
the original LSM image (Figure 17 A) provides the base for MT detection. After 
discrete points of the filament center are calculated, the local curvature is 
determined via curve-fitting algorithms (for details see chapter 3.3). At each point 
of the filament, the local curvature can be displayed in a color-coded curvature 
map. For better visualization of the interactions between MTs and actin 
structures, this curvature map can be overlaid with the actin channel of the 
original image (Figure 17 B).  
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From the MT curvature data the free energy stored in the bent state of a filament 
is easily estimated using classic elastic theories. The free energy     stored in 
the segment    of an elastic filament is given by [Landau and Lifshitz, 1975]: 
   
 
 
     
  
  
 
 
   
(4-1) 
Where                  is the flexural rigidity of MTs [Gittes et al., 1993] 
and       is the local curvature. The total amount of energy per GC naturally 
depends on the actual number of MTs which in turn strongly varies with GC size. 
For comparability reasons it is thus more advisable to consider the density of 
energy, i.e. the free energy that is stored per    of filament.  
The values shown in the histogram of Figure 18 represent ensemble and time 
mean values, i.e. all MTs of one GC snapshot were averaged and subsequently 
all frames of a time series were averaged. Naturally, these averages do not yield 
much information on the relation between temporary GC dynamics and local MT 
deformation. Nevertheless, the values directly reflect the overall rate of MT 
deformation in the respective GC and can subsequently be related to other 
properties. 
Figure 17 Microtubule curvature detection. A Original LSM two-channel overlay 
image showing F-actin (red) and microtubules (green). B Microtubule curvature 
analysis delivers color-coded curvature maps of the selected MTs (overlay with the 
grayscale actin channel). Curvature values typically range from   to        
corresponding to a minimum radius of curvature of       . 
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.  
 
4.1.2 Single microtubule events 
After this short introduction to the microtubule detection technique and its 
application to whole growth cones, we will now have a closer look at the 
dynamics of single filaments. The behavior of individual microtubules in motile 
growth cones is an excellent source of information on how MTs interact with 
actin structures and what types of internal dynamics occur during GC 
advancement. Due to their high flexural rigidity, single MTs (especially in the 
periphery) constitute useful inherent tools for the estimation of forces acting in 
different regions of the GC. The following paragraphs deal with the analysis of 
individual deformed microtubule filaments and what they tell us about MT-actin 
interactions and the contribution of the MT cytoskeleton to GC protrusion forces. 
 
Microtubule alignment with filopodia 
As mentioned above, MTs are continuously exposed to a retrograde actin flow 
(RF) directed towards the C-domain of the GC. The transport and deformation of 
MTs in the GC periphery strongly depends on their orientation with respect to the 
RF. As shown in Figure 19 MTs aligned with filopodia and thus perfectly 
antiparallel to retrograde flow are hardly displaced by the moving actin network. 
Their motion is dominated by parallel movement of the filopodial actin bundle 
they are aligned with. MTs oriented perpendicular to RF expose much larger 
surfaces to the streaming material and are easily transported backwards. In the 
example in Figure 19, the perpendicular MT moves centerward at a speed of 
             which is in the range of typical retrograde flow velocities and 
indicates high coupling between MTs and actin network structures. The parallel 
Figure 18 Bending energy stored 
in MT deformation. The amount of 
energy stored per    in the MTs of 
a GC is a good measure for the 
general deformation level of MT 
filaments. The histogram displays 
the distribution of ensemble and time 
average values of bending energy per 
length (     ) for thirteen analyzed 
growth cones. The overall average is 
                       corres-
ponding to                .  
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filament shows no displacement towards the central area and only moves 
laterally with an average speed of             .  
 
Microtubule breaking rarely occurs in growth cones 
Previous studies on fibroblast cells report strong MT deformations with energy 
densities of up to              
1 frequently causing filament breakage [Odde et 
al., 1999]. Such high curvatures (and related high energy densities) were 
generally not observed in the GCs investigated here. Due to the relatively weak 
forces generated in growth cones [Betz et al., 2011; Fuhs et al., 2012], 
mechanical breaking of MTs is a rather rare event.  
With the one exception shown below, the values for curvature did typically not 
exceed        corresponding to a radius of curvature    of       . With about 
               in microtubules [Salmon et al., 1984], this maximum value 
                                            
1
 Since we are in a regime where thermal fluctuations and single molecule (or dimer) binding 
kinetics influence filament dynamics it is reasonable to express curvature in terms of the thermal 
energy     that is allotted to each dimer in the tube. 
Figure 19 Microtubule transport with RF depends on filament orientation. A 
microtubule (yellow asterisk marks the initial position) aligned anti-parallel with 
retrograde flow (RF, red arrow), is not transported towards the center. It only performs 
lateral motion with the filopodium it is connected to. If the filament is oriented 
perpendicular to RF (yellow cross at initial position) it is transported away from the cell 
edge. Time between frames:     
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equals               and is well below the              that were necessary to 
break MTs in living fibroblasts [Odde et al., 1999]. In the course of these studies, 
only one case could unambiguously be identified as breaking after deformation. 
Due to scan times in the range of several seconds, the breaking event most 
likely occurs between two recorded frames, thus the exact curvature before 
breaking remains elusive. As shown in Figure 20, it is hard to determine whether 
the filament is still intact or already broken in frame two. Assuming an unbroken 
MT in the second frame, the curvature at the prospective breaking point is 
        . In terms of energy density this corresponds to about                
at 37°C. The force required for this deformation and breaking event apparently 
stems from the retrograde motion of the surrounding actin network. After the MT 
has been segmented, the distal fraction is transported past the remaining part of 
the filament that is stabilized by its connection to the central MT bundle. Despite 
being a singular event, it nicely illustrates the characteristics of actin-MT 
interactions throughout the GC periphery: retrograde flow frequently acts on MT 
filaments in an axial fashion leading to their deformation (in this case followed by 
rupture) and back-transport towards the center of the GC. 
 
Figure 20 Breaking of a buckled microtubule. In the top row, the original laser 
scanning images are displayed. The enlarged panels include color-coded MT curvature 
data. A microtubule exposed to actin flow (direction of RF is indicates by the red arrow) 
is locally buckled and further compressed until it breaks. Assuming that the filament is 
still intact and about to break in the second frame, the threshold curvature for breaking is 
         . After breaking, the free fragment (bottom left) moves past the remaining 
MT.  
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Microtubule buckling in growth cones 
The exact forces responsible for a certain MT configuration are usually hard to 
determine. Multiple combinations of force magnitude and orientation can result in 
the same or similar MT contour shapes. Thus, it is not trivial to derive forces 
acting on microtubule filaments if their deformation history is not known. Only a 
small population of MTs, predominantly in the GC periphery shows distinct 
undulations that allow a reasonable calculation of the underlying forces. If their 
general orientation is antiparallel to the direction of retrograde flow (by alignment 
with filopodia or by chance), it is justified to assume predominantly axial 
compression. As described in section 2.1.3, straight MTs buckle under axial 
pressure if a critical load is exceeded. MT buckling is frequently observed close 
to the edge of motile cells where radial MTs are axially compressed by 
retrograde flow. It is important to note that the forces that induce buckling have 
multiple origins and result from actin polymerization and myosin driven flow as 
well as MT-dynein expansion and MT polymerization pressure. The contributions 
of different force components are not directly accessible through buckling 
analysis. The magnitude of the sum of forces, however, can be derived from the 
characteristics of buckling events. 
The situation in the lamellipodium is somewhat different from the bending 
columns described by the buckling theory of Landau and Lifshitz [Landau and 
Lifshitz, 1975]. Upon MT buckling, energy in the cell is not only stored in the 
deformation of MT filaments. It is necessary to take into account the viscoelastic 
actin gel MTs are embedded in and that also dissipates energy when being 
deformed. It provides mechanical support to the slender MT filaments and thus 
increases the critical force required for buckling [Brangwynne et al., 2006]. While 
free (i.e. not embedded) rods typically buckle in the first bending mode with the 
maximum displacement at their midpoint (half a full wavelength), MTs in cells 
directly enter the second deformation mode with smaller displacements and a 
node at the center (one full wavelength). This state is energetically favorable 
since the dissipation of energy through elastic deformation of the surrounding is 
minimized. In contrast to classical column buckling, where the total contour 
length is the characteristic scale, here we have to determine the buckling 
wavelength    in order to calculate the critical force that induced buckling [Li, 
2008]. 
A total of 51 microtubules in GC P-domains were selected for buckling analysis. 
Their orientation was perpendicular to the lamellipodium edge (i.e. anti-parallel to 
RF) and thus axial compression can be assumed to be the major source of 
buckling. Analogous to the aforementioned energy analysis, their midline was 
extracted from the raw image and the local curvature was computed. The 
buckling wavelength    was calculated based on the contour distance between 
the two points with the highest curvature (red dots in Figure 21 A). Assuming 
sine wave deformations, these points represent the locations of maximum 
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amplitude and their distance thus half the buckling wavelength. The time 
resolution (limited by LSM scan times) often does not allow capturing the exact 
time-point of buckling. If the deformation wavelength right after the onset of 
buckling is to be calculated, it is thus necessary to use the distance along the 
contour (yellow line in Figure 21 A). This delivers the initial buckling wavelength 
instead of a post-buckling deformation characteristic. 
Figure 21 Microtubule Buckling. A MTs in the elastic lamellipodium typically buckle 
in the second mode.The characteristic length is the buckling wavelength    at the onset 
of buckling. B The distribution of    in the GC periphery has two distinct peaks that 
indicate two different buckling conditions. 
With this method,    was determined to be             . As seen in Figure 21 
B, the relatively large standard deviation can be ascribed to a double Gaussian 
rather than a single broad distribution of measured values. For further analysis, 
we will thus use the mean values of the two Gaussian fits (represented by the 
solid gray and the dashed black line in Figure 21 B) instead of the overall 
average. These are                   and                  , 
respectively. Theoretical considerations allow us to check whether these values 
are within the expected range or if further factors contributing to MT deformation 
need to be accounted for. The buckling wavelength    is related to the elastic 
modulus G of the surrounding medium through 
      
 
 
 
   
 
(4-2) 
with                (for MT geometry; a more detailed introduction of 
equation (4-2) can be found in the Appendix). With a lamellipodium elastic 
modulus of        [Fuhs et al., 2012] and a flexural rigidity   of     to 
               [Gittes et al., 1993; Taute et al., 2008] yields      to        as 
the range expected for buckling wavelengths. Since this is in very good 
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agreement with the measured values, we can proceed to calculate the forces 
that were required to initiate buckling under the given conditions. The critical 
buckling forces can be calculated using 
         
 
  
  
(4-3) 
Equation (4-3) is derived from [Landau and Lifshitz, 1975] and was applied to MT 
buckling by Brangwynne et al. [2006]. Its derivation can be found in the 
Appendix. Using equation (4-3) with the two peak wavelengths from Figure 21 
delivers critical forces                           and                
         .  
In the context of cellular and especially growth cone motility these are substantial 
forces with the potential to influence sub-cellular dynamic processes significantly. 
Notably, the above critical force calculation for buckling is only valid for initially 
straight rods, a presumption that cannot be generally made in the dynamic 
environment of moving growth cones. Thus, we will have a look at the forces an 
MT in a buckled state opposes further compression to avoid an over-estimation 
of the forces acting on the observed MTs. These forces aim to restore the linear 
shape of the filament and shall hence be termed restoring forces     . In their 
study on MTs polymerizing under spatial confinement (enclosed in phospholipid 
vesicles), Cohen and Mahadevan calculated the force a deformed filament 
exerts on the vesicle membrane [Cohen and Mahadevan, 2003]: 
      
 
 
      
 
 
 
(4-4) 
where   is the distance between the endpoints of the deformed filament and   is 
the characteristic length scale, in our case the buckling wavelength   . With this, 
the overall force average reduces to                      with peaks at 
         and          . In Section 5.3 we will learn that even these lower 
boundaries are in an order of magnitude that suggests profound impacts of MT 
based forces for growth cone advancement. 
 
4.1.3 Ensemble analysis 
As we have learned at the beginning of chapter 4.1.1, MTs in GCs predominantly 
occur in deformed configurations and can be considered mechanical 
components able to store bending energy and to contribute to the generation and 
distribution of forces within the system. At different stages of neurite outgrowth, 
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growth cones show a wide range of dynamic states and morphological variants. 
They frequently switch between stationary, proceeding or retracting phases and 
their shape can vary e.g. in size, geometry and number of filopodia. With the MT 
detection tool at hand it is possible to link changes in dynamics and morphology 
to the internal deformation state of the MT cytoskeleton. The methods applied 
here do not deal with all details of possible biochemical interactions and 
accessory proteins (discussed in more detail in section 5.5). The mechanistic 
picture drawn nevertheless allows gaining important insights into the 
cytoskeleton based mechanisms that regulate GC morphology and 
advancement. 
MT curvature is related to growth cone morphology and motility 
The most obvious way to classify subpopulations of growth cones is by their size 
and overall morphology. In the course of this study, two subtypes of GCs could 
be identified that show characteristic shape and size differences. The first type is 
semi-circular to circular in its shape, features a large number of filopodia and is 
comparatively large. Type 1 GCs have an average diameter of             , 
the outline of a representative example is shown in Figure 22 (left). The second 
type of GCs is rather small (          ), has a conical shape and less 
filopodia. Six out of 15 analyzed GCs (   ) could be identified as type 1, five as 
type 2 (   ) whereas the remaining four had ambiguous morphologies. Based 
on the observations made during these studies, it was not possible to ascribe 
distinct functions to these two types of GCs. Both could be found at the tips of 
short and long neurites and both showed protrusion as well as retraction phases 
as they are part of regular growth cone motility. Based on the morphology of 
primary neurons it is reasonable to assume that the smaller type 2 GCs belong 
to more dendrite-like neurites while type 1 GCs guide the tips of axon-like 
Figure 22 Two types of GC morphology. Eleven of 15 recorded GCs 
could be classified as either type 1 with semi-circular morphology, 
large number of filopodia and bigger size or type 2 with conical 
shapes, less filopodia and approximately half the average diameter of 
type 1 GCs. 
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processes. Unfortunately, these two types of neurites (axons and dendrites) are 
generally indiscernible in NG108-15 cells, so this has to remain an assumption. 
Despite this lack of clarity concerning possible functional differences, the 
analysis of their internal microtubule cytoskeleton revealed substantial structural 
discrepancies.  
 
As shown in Figure 23 the overall level of MT deformation represented by their 
average curvature   is higher in type 1 GCs (        ) than in type 2 GCs 
(        ). This indicates either higher deformation forces or less structural 
Figure 23 Analysis 
of MT deformation 
in the two different 
types of growth 
cones. A The average 
curvature in the larger 
type 1 GCs is 
               
while in the smaller 
type two GCs, MTs 
are on average only 
deformed with 
              . 
Probably due to the 
relative small sample 
size (    ), the 
difference is only 
significant on a     
level. B Comparing 
the level of MT 
deformation in the 
central and peripheral 
domains of both GC 
types reveals that in 
type 1 GCs, C-
domain MTs show 
higher average 
curvatures than P-
domain MTs. For 
type 2 GCs the 
inverse is the case. 
This result is 
significant on a    
significance level 
(two sample t-test). 
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reinforcement for the MT cytoskeleton in type 1 GCs. The large number of 
filopodia in the P-domain provides stable support and would suggest more linear 
MTs in type 1 GCs. This, however, is complemented by a large C-domain where 
the actin network is depolymerized and mechanical support is lacking. Analyzing 
the data by domains reveals that in type 1 GCs, MTs in the periphery are less 
deformed than in the central area (ratio of average curvatures            ). 
Type 2 cones in contrast show a more uniform distribution with MTs in their P-
domain slightly more deformed than their C-domain counterparts (ratio of 
average curvatures           ). This may be related to the limited space 
available for MT buckling and deformation in the C-domain in combination with 
reduced mechanical support (lower filopodia density) in the periphery. Smaller 
GCs may also exhibit lower levels of actin based contractility and forces which 
leads to less deformed microtubule filaments.   
This first evidence for a direct link between MT curvature and GC morphology 
suggests that more aspects of GC motility are related to the level of MT 
deformation.  As mentioned above, neurite outgrowth and GC advancement are 
by no means persistent processes and frequent switching between outgrowth 
and retraction of GCs or GC fractions is an essential part of neuronal path-
finding. In a next step the correlation between GC edge advancement and MT 
deformation was investigated. It is often observed that in steering and turning 
processes, certain regions of a growth cone remain stationary or retract while 
others advance.  
The relation between local cytoskeleton dynamics and growth cone behavior can 
be studied as the GC is divided into different regions of interest (ROIs) that show 
a characteristic behavior (e.g. gain/loss of area) which in turn reflects different 
states of motility. Thus, all GCs investigated here were additionally analyzed by 
ROIs in terms of covered area and level of MT deformation. Figure 24 displays 
an example of ROI analysis. Based on F-actin images, the outline of the 
structure was detected in each frame of the series in order to determine whether 
there was an increase or decrease of area (corresponding to edge advancement 
or retraction) during the time of observation. Additionally, the average curvature 
of MTs in the respective frame and ROI was derived from the corresponding MT 
image. As shown in Figure 24 B, the GC section in ROI 1 first shrinks followed by 
an area gain resulting in an overall protrusive behavior. In ROI 2, a temporal 
increase in area is followed by a phase of quick retraction. The MT deformation 
data (Figure 24 C) reflects the morphological changes documented in B. The 
area increase in ROI 1 is accompanied by an increase in average MT curvature. 
In ROI 2 on the other hand, a loss of area is reflected by a decrease in MT 
deformation. At first sight this behavior appears counter-intuitive since a loss in 
area is usually connected to actin-network contractility and back transport that is 
not balanced by polymerization. In combination with increased spatial 
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confinement, one would expect the MTs to get more deformed instead of 
straightening. 
 
 
Figure 24 ROI analysis of 
GC area and MT 
deformation. Different areas 
(ROIs) of the GC show 
different motility behavior. 
White lines in A mark 
lamellipodium edges at the 
beginning of recording 
(   ). The actin signal and 
MT curvature data (color 
coded) underneath represent 
the last observation frame 
(      ). B shows relative 
area changes during 
recording. While ROI2 
exhibits area loss (edge 
retraction), ROI1 is in a 
stationary/protruding state. C 
The bending energy per unit 
length dU    in ROI1 
increases over time while in 
the stationary region after an 
initial drop it remains 
constant at a lower level. 
Solid lines in C represent the 
data smoothed with a fivefold 
moving average. 
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This unexpected correlation between the loss (or gain) of GC area in a ROI and 
the decrease (or increase) of MT deformation could be confirmed when 
analyzing the data derived from different ROIs of multiple GCs. The plot in Figure 
25 illustrates this relation. The relative area data was derived from pairs of 
consecutive frames and is calculated as the ratio of covered area      
         with   being the frame number. All data points from one GC were 
subsequently averaged to derive the mean area increase/decrease occurring 
during observation. Large error bars in the relative area thus correspond to 
strong size fluctuations. The relative level of MT deformation was calculated as 
the ratio of mean MT bending energy per unit length in the ROI divided by the 
mean value of the whole GC:                       . This is necessary since 
the baseline in terms of average curvature varies strongly between GCs. In other 
words, the relative energy indicates whether a ROI has a higher (      ) or 
lower (      ) curvature than the average in the whole GC under investigation. 
From this data we can deduce that regions with under-average MT deformation 
tend to lose area (retract) while regions with above-average deformation levels 
show reduced area loss, remain stationary or gain area (protrude). 
 
Figure 25 Relation between area development and MT deformation. Plotting the 
average ROI area increase/decrease (relative area) over the relative bending energy per 
   (normalized to the overall average in this particular GC) in the respective ROI 
indicates a relation between higher MT curvature and growth cone area changes. The red 
dashed line corresponds to a linear regression illustrating the trend in the data. Error bars 
in represent the standard deviation, thus larger bars correspond to stronger fluctuations 
during the observation period.  
Relation between microtubule deformation and retrograde actin flow 
In the previous section we have learned that the level of microtubule deformation 
is related to morphology changes and the current motility state of individual 
growth cones. As introduced in chapter 2.1.6 the motility apparatus of growth 
cones also involves dynamic and contractile actin-myosin structures and a 
permanent retrograde flow of actin network components. In some GCs it was 
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possible to measure local retrograde flow velocities with the detection algorithm 
described in section 3.4. The reliability of these measurements depends strongly 
on the fluorescence level of F-actin, the presence of traceable features within the 
actin network and the frame rate achieved during image acquisition. Due to 
bleaching effects and low fluorescence protein expression (which requires longer 
scan times), not all GC were suitable for retrograde flow analysis. Nonetheless, 
in the remaining specimen it was possible to document close relations between 
the local velocity of retrograde actin flow and the deformation of involved 
microtubules. It is known (and could also be observed in the GCs used in this 
study) that the retrograde actin flow is subject to spatial and temporal fluctuations 
(of hitherto unknown origin). The image sequence displayed in Figure 19  
(chapter 4.1.2) already showed that the mechanical interaction between actin RF 
and peripheral MTs depends on the relative orientation of the MT filament and 
actin flow. While MTs aligned antiparallel with RF predominantly remain 
stationary, misaligned or perpendicular filaments move center-ward with the actin 
network. Taking fluctuations in RF speed into account, the question arises 
whether local variations in RF velocity influence MT transport. Vice versa, the 
local level of MT deformation could be related to RF velocity changes. Figure 26 
A shows a second example of two MTs that are exposed to retrograde flow. One 
is perfectly aligned with a filopodium, thus only a minimum cross section faces 
the moving actin gel and the filament remains stable. The tip of the second MT is 
slightly deviating from the antiparallel alignment and gets bent under the 
pressure exerted by RF. With the RF velocity detection it is possible to analyze 
the direction and magnitude of actin transport in the same region. First of all this 
reveals that actin transport indeed occurs parallel to the filopodium and 
predominantly perpendicular to the GC edge (small white arrows). Second of all 
we can see a temporary local increase of RF (see color coded velocity map) 
which leads to the deformation of the misaligned MT filament. This example 
featuring two individual MTs suggests a local/temporal correlation between an 
increase in RF velocity and an increase in MT deformation. It was possible to 
find further evidence for this correlation by switching from individual MTs to 
regions with noticeable spatio-temporal increases in flow velocity. These bursts 
occurred in all analyzed GCs and to learn more about their impact on MT 
deformation, MT curvature (again, in terms of stored bending energy per   ) 
was evaluated in the burst region.  
In Figure 26 C the result of one time lapse measurement is shown. The 
background color (turquoise-pink) corresponds to the average RF velocity in the 
region, MT bending energy is represented by the empty white circles (dashed 
white line: smoothed data). During the recording time of approximately     , 
three RF bursts of variable duration occurred. Each of these was followed by an 
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Figure 26 Correlation between retrograde actin flow and microtubule deformation.  
A Actin and MT deformation overlay. A microtubule that is supported by filopodial actin 
bundles (filled arrowhead) withstands retrograde flow while the free filament (empty 
arrowhead) gets deformed. Scale bar:     . B Retrograde flow and MT deformation 
overlay. The deformation of the free filament is caused by a temporal increase (burst) of 
retrograde flow velocity. The colour bar to the right encodes both, the MT deformation in 
A (left scale) and the retrograde flow velocity in B (right scale). For better visualization 
different colours for MT deformation were chosen in B. White arrows in B indicate the 
direction of retrograde flow. C Example for RF-deformation correlations.  The 
background color represents the average retrograde flow velocity in the evaluated area. 
After RF bursts (pink) MT deformation and thus locally stored bending energy (dashed 
line) increases. The time delay between burst and MT deformation peaks is about 20s. 
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increase in local MT deformation levels. It is noteworthy that the deformation 
peaks are about     delayed. This is most likely due to transport phenomena 
since bursts occurring in the far periphery can also indirectly influence MT 
sections located closer to the GC center. 
 
Summary of Results from Section 4.1 Microtubule Detection and Growth 
Cone Dynamics 
- MTs in the GC periphery get buckled under axial load 
- they are mechanically supported by an actin gel that surrounds them 
- they buckle under loads of at least       (conservative estimate) 
- bent MTs typically store energies of up to              , on average 
              , breaking occurred at approx. 23.9           
- GC with different morphologies have different ratios of MT deformation in 
the P- and C-domain 
- MT deformation levels are related to regional advancement/retraction of 
the lamellipodium 
- retrograde flow bursts transiently induce high MT deformation 
 
4.2 Growth cone collapse and retraction processes 
As introduced in Section 2.1.8 the collapse and retraction of growth cones is a 
common event during neuronal path-finding. In standard cell culture dishes, 
where no natural or artificial guidance cue biases neurite outgrowth, NG108-15 
cells send out their processes in random directions. At low cell concentrations 
(without direct signaling from nearby cells), process formation permanently alters 
between phases of growth, pausing and retraction until a suitable path for stable 
neurite extension is found. A closer look at the actin and microtubule 
cytoskeleton during these phases reveals that there are different modes of 
collapse with distinct features in terms of cytoskeleton dynamics and growth 
cone adhesion. Two cases of neurite retraction have been described in literature: 
The formation of a retraction bulb prior to neurite withdrawal and the pulling out 
of retraction fibers from filopodia in the periphery of the retracting growth cone. 
During these studies it was possible to identify a third, hitherto undocumented 
type of transient GC collapse. In this rather descriptive chapter we will have a 
closer look at the respective cytoskeleton dynamics and attempt to deduce 
possible underlying mechanisms.  
Since collapsing mechanisms have not been described for neuroblastoma cell 
lines, it was necessary to validate the suitability of NG108-15 cells as model 
systems for growth cone retraction studies. Thus, the first step of the analysis 
was to confirm that the cell line under investigation undergoes the same 
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conformational and morphological changes observed in primary cells when 
switching from outgrowth to neurite retraction.  
The typical sequence of events during collapse would be an initial retraction and 
degradation of the peripheral actin network. In the case of retraction bulb 
formation, filopodia are contracted and the complete former P-domain 
concentrates in the central area. This is followed or accompanied by a 
displacement of the growth cone as the neurite retracts towards the soma. The 
pulling out of retraction fibers occurs when some or all filopodia remain attached 
and are dragged behind the withdrawing neurite. 
Qualitative analysis of LSM dual-channel image series reveals that growth cones 
of NG108-15 cells indeed show the aforementioned behavior. Even though it is 
not always possible to clearly distinguish the retraction bulb from the retraction 
fiber case, typical characteristics of the retraction process could be identified. 
Figure 27 A displays a case that can be classified as retraction bulb formation. 
For better visualization, the actin and microtubule channels have been inverted 
and are displayed separately. At the beginning of observation, the lamellum has 
almost completely regressed and within four to five minutes, the growth cone 
collapses. Only few straight filopodia remain while the rest of the growth cone is 
compressed in a bulb-like structure. Microtubules that had extended far into the 
peripheral region are condensed by the contracting actin cytoskeleton, 
presumably accompanied by their depolymerization. Considering the high 
flexural rigidity of microtubules, large forces are required for their compression, 
even if parts of the microtubule cytoskeleton are rapidly disassembled. As the 
overlay of the initial outline in the last panel indicates, the growth cone area has 
significantly decreased and after six minutes retraction has begun. Since the 
whole growth cone moves rearward, it can be concluded that connections to the 
substrate have been largely disengaged.  
In Figure 27 B, a case with more prominent retraction fibers is shown. Last 
fractions of the former lamellum (arrowhead in the first panel of the upper series) 
disappear and numerous long filopodia persist. These do not collectively 
collapse in the further course of retraction and some elongate as they are 
dragged behind the displaced growth cone. These actin filled remnants of 
filopodia seemingly have not fully detached from the substrate and constitute 
retraction fibers. Like in the first case, microtubules follow the compression of 
actin structures and concentrate in a dense cluster that is eventually moved 
backwards with the retracting neurite (arrow in the lower series). 
Similar procedures occurred in 56% of all observed cases (14 out of 25 
collapsing growth cones) proving that NG108-15 cells are able to apply the same 
cytoskeleton-based retraction mechanisms found in primary cells extracted from 
amphibians and mice. In the remaining 44% of cases, growth cones collapsed in 
a strikingly different manner that will be described in the following paragraphs.  
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Figure 27 Different types of GC collapse in NG108-15. A Collapse with 
formation of a bulb-like structure (retraction bulb) prior to retraction. All structures 
with the exception of some filopodia are condensed in a region of the size of the 
neurite diameter. B Collapse and retraction with fibers. Filopodia (top) do not 
actively fold or significantly merge. Following a contractile motion of the central 
area and the neurite shaft, they are dragged behind, most likely due to incomplete 
detachment from the substrate. In the first image, remains of the lamellipodium can 
be seen (arrowhead). Microtubules initially spread in the GC are pulled back 
towards another MT rich area in the neurite (arrow). C Fold collapse. Microtubules 
(bottom row) are pushed to the central area by the filopodia as they fold towards 
the C-domain of the growth cone (top row). The process of folding is not 
accompanied by a retraction of the neurite shaft. For comparison, the solid black 
lines in the last panels represent the outline of the growth cone at time           . 
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In contrast to the above events, the third type of collapse does not necessarily 
lead to a full contraction of the P- and C-domain. Instead, the key characteristic 
of this more transient process is a significant increase in lateral mobility and 
merging of filopodia. In the example shown in Figure 27 C, the lamellum retracts 
and the number of filopodia is strongly reduced within the first three to six 
minutes while the central part of the growth cone remains stable. Subsequently, 
the remaining thick filopodia get kinked and in a continuous lateral movement 
fold down to the border of the central region. This results in a two-dimensional 
frame of dense actin structures encaging microtubules in the remaining area. 
Since the C-domain almost completely maintains its size, microtubules are less 
compressed than in the regular cases of collapse and retraction.   
According to the key characteristic of the third type of collapse (the kinking and 
folding of filopodia towards the C-domain) this variant shall be termed fold 
collapse. In the following, the cases of retraction fiber and bulb formation will be 
summarized by the term pull retraction since both events are always 
accompanied by a substantial back-pulling of the whole neurite. 
Another example with a more detailed view of the folding process is shown in 
Figure 28. The two rows in A display F-actin and MT recordings during fold 
collapse and show that MTs collocated with filopodia follow their movement 
towards the edge of the C-domain (black arrow in the top and second row). 
Details of the molecular mechanism leading to the breaking and folding of actin 
bundles in filopodia cannot be evaluated with the methods applied in this study. 
Nonetheless, the presence of MTs in folding filopodia shown in Figure 28  and C 
suggests that these filaments are involved in the process.  
There is evidence that protein complexes located at the tips of MTs affect 
filopodia organization and three-dimensional mobility [Schober et al., 2007]. In 
some cases (e.g. the filopodia in Figure 28 B and C), MT tips (white arrowheads) 
were in close vicinity to the prospective breaking point. However, filopodia folding 
also occurred in the absence of MTs such that an involvement of named protein 
complexes cannot be conclusively stated. Regardless of the fact that a complete 
explanation for the process is lacking, filopodia folding itself is a remarkable 
event. The large filopodium in Figure 28 B seemingly shortens during folding 
which corresponds to a three-dimensional motion (out of the focal plane of the 
microscope). This means that local severing of the previously stable actin bundle 
is followed by folding and rotation of the outer segment at the newly formed 
“hinge”. Effects of hydrodynamic flow in the observation dish cannot generally be 
eliminated but the fact that different filopodia of the same GC fold into different 
directions excludes medium flow as the sole source of lateral filopodia 
movement. Prior to filopodia folding, merging frequently occurs which reduces 
the total number of filopodia    and creates few, comparatively thick actin 
bundles in the periphery. These processes are reflected by the time development 
of the relative filopodia number                         displayed in Figure 
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29. During pull retraction, the number of filopodia typically performs minor 
fluctuations as merging is balanced by the formation of new filopodia (Figure 29 
A). In the cases of complete fold collapse,        drops far below    . As 
mentioned above, fold collapse seems to be a more transient variant of GC 
degradation and in several cases locally new filopodia and small lamellipodium 
segments emerged. These cases are represented by the green graphs in Figure 
29 B. An initial drop of        is followed by a recovery phase during which the 
said new lamellipodium develops outside the actin frame which resulted from 
folding. 
 
Figure 28 Folding of individual filopodia. A After lamellipodium degradation, 
filopodia (top) fold to the periphery of the GC and limit the available space for MT 
polymerization. The black arrows denote a pair of MTs (bottom) that invades filopodia 
and is transported inwards following the filopodium (black arrows, top panel) it is 
associated with. The black arrowhead denotes an MT targeted filopodium that folds up 
180°. B/C Magnifications of the marked areas in A. Microtubules invade filopodia which 
fold and thus eliminate MT extension into the periphery. Top row: The filopodium bends 
into the z-direction and partially moves out of the imaging plane. Thus it appears shorter 
in the first and second image. The kink develops at the tip of the invading microtubule. 
Bottom row: Two filopodia fold after they are invaded by microtubules (white 
arrowheads). After folding, MT fluctuations are confined by actin bundles. The times 
displayed in the second row of A are valid for the respective column. 
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Unlike in the pull retraction cases (bulb and/or fiber formation), during fold 
collapse the C-domain remains spread out while the P-domain disintegrates. 
Besides the reduction and folding of filopodia, fold collapse can also be 
characterized in terms of C-domain stability. For this purpose, the GC area was 
evaluated by applying edge detection algorithms to the F-actin channel images. 
Thus the GC area before collapse/retraction can be compared to the respective 
area after the event. The resulting percentage values from GCs undergoing fold 
collapse or pull retraction are displayed in Figure 30 A and B, respectively. While 
almost all fold collapse GCs maintain         of their initial area, losses of 
     frequently occur in pull retraction GCs. An illustration of the method can 
be found in Figure 30 C-E where the outlines of two GCs before and after 
collapse/retraction are overlaid with the inverted MT channel data.  
Figure 29 Filopodia dynamics during 
collapse. Filopodia were identified based 
on image intensity profiles recorded 
parallel to the outline of the C-domain. 
Initial filopodia numbers largely varied 
         , thus all counts were 
normalized to the initial number.  A 
During pull retraction filopodia numbers 
only undergo small fluctuations but on 
average (     , blue line) show a 
tendency towards a constant number. 
While some filopodia are pulled into the 
central domain, new formation hardly 
occurs. B In GCs undergoing fold 
collapse, the number of filopodia sharply 
decreases as soon as merging and folding 
commences. Red curves: Filopodia 
numbers of GCs undergoing complete fold 
collapse without significant recovery. 
Within      , the filopodia number of all 
GCs drops to less than     of the initial 
value. Green curves represent GCs which 
partially or temporarily recover after 
collapsing. Recovery includes the 
formation of new filopodia and a small 
lamellipodium. The blue line displays the 
average of all complete collapsing events 
without recovery (   ). In contrast to 
the pull retraction cases in A, a continuous 
decrease is observed. 
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Figure 30 GC area loss during collapse. GC area was evaluated using semi-automated 
edge detection algorithms before and after collapse. Histograms in A and B depict the 
reduction of GC area (as a percentage of the initial GC area) due to fold collapse and pull 
retraction, respectively. The mean values are             and               for 
fold and pull, respectively. The remaining frames show the MT channel before and after 
these events, the solid black outline reveals the GC area as derived from the F-actin 
channel. The example for fold collapse demonstrates that the GC area is only minimally 
reduced from image C to E and as a result MTs are only slightly compressed. In the case 
of pull retraction growth cone width is substantially reduced (which can be seen in the 
change from D to F), which leads to a constriction of MTs formerly engaged in filopodia 
probing to the neurite axis and seems to increase MT buckling.  
Results  Neuronal Growth Cone Dynamics 
74 
 
From the characteristics described above, it becomes obvious that pull retraction 
aims at the withdrawal of the whole neurite or its distal parts. The folding case in 
contrast most likely represents a state of pausing or reorientation. The transient 
nature of fold collapsing is also reflected by the fact that GCs do not significantly 
displace or retract in the course of the process. A quantification of this 
observation can be implemented by calculating the GC center in terms of an 
outline-based center localization. Briefly, the GC edge is detected and under the 
Figure 31 Growth cone displacement during fold collapse and pull retraction. Graphs 
A and C show the projected displacement of the GC from its initial position over time for 
fold collapse and pull retraction cases, respectively (zero displacement is indicated by a 
dashed line). Images B and D depict typical examples of fold collapse and pull retraction. 
The grayscale images show the first frame of the actin channel, while the blue line 
represents the final outline of the GC. The trace of GC movement is illustrated in red, 
while the green line represents the axis used to define the projected displacement. During 
fold collapse (A) growth cones generally do not retract a considerable distance, as can be 
seen in B by the trace which remains relatively close to the origin and the outline which 
shows no substantial GC movement during the recording.  For pull retraction (C) large 
displacements towards the soma, such as portrayed in D (retraction distance is 
approximately 50µm), are common. 
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assumption of homogeneous area density, the location of the center-of-mass 
(COM) is calculated. Following the COM position over time delivers information 
on GC displacement. Since the goal in our case is to determine whether a GC is 
being moved back towards the cell soma, all displacements are projected onto a 
line along the direction of outgrowth. The graphs in Figure 31 A and C thus 
represent the displacement of GCs along the direction of the attached neurite. It 
is easily recognized that in the fold collapse cases (Figure 31 A), no GC moves 
more than     towards the cell body. The neurites of pull retraction GCs on the 
other hand typically retract over long distances with velocities of up to         .  
 
Summary of Results from Section 4.2 Growth Cone Collapse and 
Retraction Processes 
- NG108-15 cells show neuron-like phases of process growth and 
retraction. 
- In addition to the known retraction bulb or fiber formation, a hitherto 
undocumented variant, fold collapse, was observed. 
- Fold collapse is characterized by a stable, continuously spread C-domain 
and a degrading P-domain. 
- Filopodia break and fold onto the C-domain edge where they create actin-
rich obstacles hindering MT extension. 
- MTs are condensed in the remaining GC. 
- Fold collapse appears more transient since the neurite does not retract 
and new lamellipodial structures can emerge. 
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5 Discussion 
The results presented above cover different aspects of GC motility and the 
underlying cytoskeletal mechanisms. The interplay of MT and actin dynamics in 
GCs have been in the focus of various studies in the past and it has become 
clear in increasing detail that their balance and especially the balance of forces 
on different levels is essential for GC advancement and steering as well as 
neurite extension and retraction. Concerning the mechanical properties of MT 
filaments, an ongoing discussion on internal anisotropy and an observed length 
dependence of elastic properties complicates a thorough and unambiguous 
analysis. Various modeling approaches based on different assumptions and, 
more importantly, with differing results cause additional irritation whenever the 
quantification of MT mechanics and dynamics is required. 
In this section the existing range of experiments and models that aim to verify 
and explain the complex mechanical properties of MTs will be briefly discussed. 
After evaluating the applicability and accuracy of the applied Euler buckling 
theory we will focus on the image analysis method employed to extract MT 
position and to quantify their deformation. This will be followed by an overview 
over previous experimental findings in the context of GC motility and MT-actin 
interactions. Subsequently, the experimental results of this study will be related 
to established models describing the internal dynamics of neuronal GCs. 
Eventually this will enable us to draw a comprehensive picture of the known and 
newly found relations between components of the GC motility machinery. 
 
5.1 Microtubule rigidity and buckling 
Due to their complex internal structure and different inter- and intra-protofilament 
binding strengths, measurements of mechanical properties of MTs have 
produced a wide range of results that are rather hard to capture theoretically. 
First indications for a length dependent flexural rigidity    were found in buckling 
experiments with optically trapped MTs [Kurachi et al., 1995] and later confirmed 
in very accurate and thoroughly analyzed measurements of thermal filament 
fluctuations [Pampaloni et al., 2006; Taute et al., 2008]. In their analysis, Taute 
et al. find a clear length dependence that features three regimes: Very low 
stiffness (        ) for MT lengths in the few micrometer range, high stiffness 
(               ) for MTs longer than      and a transition from the lower 
to the higher value at        . According to the authors, this behavior can be 
theoretically expressed by a shell model featuring internal shear and highly 
anisotropic mechanical properties, i.e. large differences between the longitudinal 
shear modulus   and the corresponding longitudinal Young’s modulus    
[Pampaloni et al., 2006]. This is supported by a modified Timoshenko model 
closely relating said length dependence to internal shear [Fu and Zhang, 2010]. 
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Recent finite element modeling approaches, in contrast, suggest that even a 
ratio        of   
   cannot conclusively reproduce the experimentally 
observed length dependence [Poelert et al., 2011]. In a direct comparison of 
different theoretical models, Shi et al. [2008] claim that the Timoshenko model 
assuming an elastic beam with internal shear is well suited to reproduce the 
apparent length dependence. They also point out that for small   this theory 
delivers almost constant buckling forces       of MTs in the few to tens of 
micrometer range since the classically expected reduction of       with MT length 
is balanced by length dependent rigidity increases in this size regime. Similar 
results were gathered from refined shell models developed by Liu et al. [2012]. 
Considering the above experimental and theoretical results it becomes clear that 
the mechanics of MTs are far from being fully understood and until further 
progress is made, auxiliary models are required for data analysis. For the 
interpretation of the MT deformation data classical buckling theory was employed 
which is expected to be sufficiently accurate to produce solid estimates for the 
forces acting on peripheral MTs of several micrometers length [Shi et al., 2008; 
Liu et al., 2012]. The deviation between the classical Euler buckling model and 
the Timoshenko model (with internal shear) strongly depends on the assumed 
value for the modulus ratio   which, again, is controversially discussed. Numbers 
range from      [Kis et al., 2002; Kasas et al., 2004b] to      [Tuszyński et al., 
2005; Pampaloni et al., 2006]. For the following calculation comparing the two 
models for our given conditions, we will use         . In the classic Euler 
theory, the dynamics of an MT under axial load F is governed by 
  
   
   
   
   
   
   
   
   
 
(5-1) 
where   is the axial Young’s modulus,        (                   , [Shi et 
al., 2008])  is the moment of inertia of the MT cross-section      ,   and   are 
axial coordinate and time and   is the mass density of MTs. Buckling modes are 
given by 
                  
(5-2) 
where   is the deflection amplitude and         with   representing half the 
axial wave number and   the length of the MT. Solving equation (5-1) by 
inserting (5-2), delivers 
          
    
  
 
(5-3) 
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For a typical microtubule in the GC with                            this 
yields a minimum (   ) critical load                 . 
The Timoshenko beam theory is based on the following equations: 
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(5-5) 
Here    is the shear coefficient (       for beams with circular, annular cross-
section),                      [Shi et al., 2008] is the effective cross-
section,  and   is the shear modulus of the MT. In the Timoshenko model, 
buckling modes fulfill the following equations: 
               
(5-6) 
               
(5-7) 
where   and   are constants representing the amplitude in deflection and 
rotation, respectively. The solution to the respective Eigenwert problem is 
          
    
    
 
 
      
 
 
 
 
 
  
    
    
     
 
 
 
 
        
                 
 
(5-8  
[Bažant and Cedolin, 2010].      is the effective length of the MT, for pinned-
pinned end conditions       . The first term represents the Euler solution while 
the second accounts for reductions in the critical load due to internal shear. For 
the above microtubule,    , and a ratio             , this delivers 
                  corresponding to a correction factor of       (or      
deviation from the Euler buckling result). 
Based on this direct comparison of the two models, the calculated buckling 
forces would have to be corrected downwards. Since the restoring force      that 
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was used1 to estimate a lower boundary for the load acting on MT filaments in 
the growth cone is about     below the critical Euler force, this minor correction 
will not change the validity of the results. Also, a major contribution to the high 
resistance cellular MTs show against axial loads originates from the mechanical 
support of the actin gel in the lamellipodium which has a much more significant 
impact on their effective deformation than the internal shear accounted for by the 
Timoshenko beam theory. 
Another large uncertainty in these calculations and the determination of MT 
bending energies clearly lies in the large scatter of experimental values for their 
flexural rigidity. To date, the choice which value to use for further calculations is 
somewhat arbitrary, especially when the total length of the filament is 
inaccessible. For this reason, (where applicable) a range of values or ratios 
rather than individual numbers are given in the results section. 
 
5.2 MT detection method 
The fully automated detection of MTs in a noisy cellular environment is a 
challenging task and different approaches have been pursued in recent years 
[Hadjidemetriou et al., 2004; Saban et al., 2006; Brangwynne et al., 2007]. All of 
these methods reach their limitations when it comes to the detection of dense 
MT arrays and highly entangled systems with numerous filament intersections. 
The algorithm applied here shows similar constraints at the automated analysis 
of MT arrangements in the C-domain of GCs and bundled MTs at the GC neck. 
In these regions, inter-filament distances smaller than the apparent diameter of 
individual MTs and frequent crossings or overlap of filaments increase the 
likelihood of artifacts that require manual intervention and correction. However, 
due to additional pre-analysis steps (i.e. the application of x- and y-intensity 
profiles for the initial approximate MT center detection), even highly condensed 
MT arrays in the GC C-domain could be analyzed with acceptable time effort. 
This opens new possibilities in the analysis of MT deformation levels in different 
parts of the GC, e.g. P-domain vs. C-domain or the comparison of regions with 
different orientations with respect to the direction of outgrowth. Despite the 
aforementioned improvements, dealing with intersecting filaments is not trivial 
and care has to be taken not to over-estimate their curvature at such locations. 
Thus, MT intersections were identified in the skeletonized images and the 
filaments were cut into segments reaching from one intersection to the next. This 
ensures that the detected filament center does not jump from one filament to the 
next at crossings, artificially increasing local curvature. The drawback of this 
method is that no statistics are available on MT length. However, since virtually 
all MTs in a GC originate in the axonal stump, their total length is usually not 
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accessible in any case. In addition, to avoid artifacts occasionally occurring at 
the endpoints of MT sections, the parameters for spline fits were adjusted to 
produce zero curvature at filament boundaries. In regions with frequent filament 
crossings (and thus many short segments), this leads to a general under-
estimation of MT curvature. Hence, curvatures will never be over-estimated at 
the cost that energies and deformation levels obtained with this MT detection 
algorithm can only produce lower boundary values. 
For all data attained with the MT detection algorithm described in section 3.3, it is 
important to evaluate the method’s reliability and to know its limitations. Thus, 
accuracy and reproducibility tests were performed using artificial LSM images of 
MTs. These were generated by drawing arbitrary, one pixel wide lines in a binary 
image (only containing black and white pixels) representing MT contours. These 
white lines were subsequently blurred in several steps to generate shapes that 
resemble MTs imaged with LSM settings typically used in the experiments 
(diameter about 8 pixels). Background noise was artificially added using built-in 
MATLAB functions until the contrast ratio of a typical LSM raw image was 
matched. An example of such artificial raw data and the respective center line is 
shown in Figure 32 A and B. The algorithm was applied to these test images 
mainly to answer two questions:  
(i) How sensitive is the result towards variations in the approximate 
center line of MTs which is the starting point for further image 
processing? 
(ii) Can the position of the MT test filament (determined by the white 
center line) be reproduced by the algorithm?  
The first issue was addressed by purposely placing the approximate MT center 
line outside the area covered by the MT fluorescence signal. If the algorithm is 
nonetheless able to detect the center line inside the MT shape, it can be 
considered insensitive against this type of error. The result is shown in Figure 32 
C where the red line represents the starting point for MT detection and the yellow 
line indicates the fitted center line of the MT produced by the algorithm. It can be 
easily seen that even deviations of more than half the apparent MT diameter are 
automatically corrected by the algorithm. The second question can be answered 
if the detected and the real center lines are compared. Figures 32 D-H show that 
the previously defined MT center (white pixels) is reliably reproduced by the 
algorithm (turquoise dashed line) independent of the exact position of the starting 
location (red line). Additionally, larger displacements of the user-defined (red) 
line from the real MT center were applied in some cases in order to verify the 
result of the first test. 
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Figure 32 Reliability test of the MT detection algorithm. Test files were generated 
from binary images (A) that contain the one pixel wide representation of a MT center 
line. Blurring and artificial noise reduce contrast (i.e. the signal-to-noise ratio) until the 
conditions of a real LSM image are matched (B). C The algorithm is insensitive to 
estimated contour lines misplaced by the user. As long as the starting line drawn by the 
user does not deviate more than one MT diameter (   Pixels) from the real center, the 
algorithm is able to correct for this. D-H Independently of the exact position of the 
starting line (red), the algorithm (detection result: turquoise dashed line) is able to 
reproduce the “real” filament center line (white pixels) in test images. 
   
5.3 The role of MT pushing and deformation in GC dynamics 
5.3.1 Literature review: Neurite growth is powered and regulated by two 
antagonistic sub-systems 
It is widely accepted that regions where F-actin and dynamic MTs interact are 
most significant for growth cone protrusion [Geraldo and Gordon-Weeks, 2009] 
and re-orientation. About two decades ago the first models describing tension 
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controlled axonal elongation were introduced. They suggested that the level of 
axial compression in the GC periphery directly regulates MT polymerization 
which in turn drives axonal growth [Joshi et al., 1985; Dennerll et al., 1988; 
Buxbaum and Heidemann, 1992]. Neurite elongation was modeled as a process 
regulated by opposite pushing from the MT cytoskeleton and contractile pulling 
of the actin-myosin system [Letourneau et al., 1987]. Since then, more and more 
components and mechanisms of the counteracting cytoskeletal subsystems in 
GCs were identified. It was shown that not only polymerization but also filament 
translocation contributes to MT dynamics and pushing [Reinsch et al., 1991; 
Tanaka et al., 1995] and that MT-binding dynein motor proteins are essential in 
this process [Myers et al., 2006]. The activity of actin based myosin motor 
proteins in turn limits the advancement of MTs into the GC periphery [Rösner et 
al., 2007; Burnette et al., 2008; Schaefer et al., 2008]. Similar functions 
regulating MT advancement could be ascribed to kinesin motors that are 
responsible for retrograde MT transport. Their inhibition results in GC turning 
impairment [Nadar et al., 2008, 2012] and accelerated neurite growth [Liu et al., 
2010]. Altogether, this creates a fragile balance between extension and 
contraction. The obvious advantage of such near-equilibrium systems is that 
gentle up- or down-regulation of individual components is sufficient to switch 
between protruding, pausing and retracting states on a local or global level.  
Anterograde transport and polymerization of MTs have previously been identified 
as relevant mechanisms for neurite elongation and turning. As reviewed by Zhou 
and Cohan [2004] or Lowery and Van Vactor [2009], many excellent studies 
have contributed to the insight that growth cone advancement and steering is not 
driven by actin-myosin activity alone. Different drugs affecting microtubule and 
actin dynamics, polymerization and stability were used to investigate the 
complex roles of MTs and F-actin as well as their interactions in this context. The 
results of these studies mostly indicate a pioneer function of F-actin based 
filopodia and the lamellipodium for axon guidance and GC turning processes. 
Filopodia equipped with various signaling receptors and different types of 
adhesion molecules explore the environment and perform important tasks when 
it comes to a stimulus-triggered1 rearrangement of the cytoskeleton [Bentley and 
Toroian-Raymond, 1986; O’Connor et al., 1990]. Lamellipodial network 
polymerization fluctuates at the leading edge [Betz et al., 2006, 2009; Knorr et 
al., 2011] and its advancement and retraction eventually govern the dynamic 
state of the GC as well as morphological changes. The disruption of actin-based 
structures or the inhibition of their dynamics typically impairs neurite guidance 
but does not abolish their elongation [Marsh and Letourneau, 1984; Lafont et al., 
1993]. In addition, the inactivation of contractile myosin II in GCs was shown to 
accelerate MT-based axonal growth [Rösner et al., 2007]. Altogether, these 
findings suggest that the contractile actin-myosin system and the expansive, MT-
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 e.g. through gradients of soluble or substrate bound guidance factors, or adhesion molecule 
patterns 
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dynein/kinesin based cytoskeleton in GCs are opposing players mutually 
regulating their dynamics [Myers et al., 2006]. 
With few exceptions previous studies rather delivered qualitative data concerning 
MT dynamics and especially their deformation by RF and forward pushing in 
living growth cones. The study presented here for the first time considers not 
only the force-induced buckling of linear peripheral MTs in GCs but also their 
deformed sections in the more central regions. 
 
5.3.2 Behavior of individual microtubules 
In chapter 4.1.2 we have learned that microtubule tips in the GC lamellipodium 
can assume different orientations with respect to the cell edge and retrograde 
actin flow. The observation of individual MTs in NG108-15 cells in this study 
indicates that MTs not aligned with RF undergo centripetal transport (CT) as it 
was described earlier for MTs in the lamellipodia of fibroblasts and epithelial cells 
[Mikhailov and Gundersen, 1995; Waterman-Storer and Salmon, 1997]. 
However, if MTs were aligned with filopodia, they remained stable in the P-
domain for longer periods of time and occasionally reached the leading edge of 
the GC. In the NG108-15 GCs of the present study, the vast majority of MTs in 
the P-domain was aligned with filopodia and only few examples of “free” MTs in 
the periphery were observed. This agrees with studies of other neuronal cell 
types [Schaefer et al., 2002] and can be explained if we consider the effective 
MT area that is exposed to RF. As mentioned in the background section, MTs 
aligned antiparallel to RF reduce this area to their cross section and thus 
minimize the force that is exerted on them through  frictional coupling with 
centripetal F-actin transport. In addition, MTs can bear higher axial than lateral 
forces without being deformed. On the other hand, the actin bundles in filopodia 
themselves undergo retrograde flow at comparatively high velocities (on average 
       ; Chan and Odde, 2008). Hence, MTs coupled to these bundles 
encounter similar centripetal transport as their perpendicular counterparts. MT 
orientation, however, does not only influence RF forces acting on them but also 
determines their direction of elongation. While polymerization of radial MTs 
supports their extension into the periphery, perpendicular MTs are transported 
towards the C-domain independent of their growth state. Since MT 
polymerization speed can exceed retrograde flow velocities by far [Kinoshita et 
al., 2001], radially aligned (but not perpendicular) MTs can overcome RF and 
grow into the periphery. 
Interestingly, in the extraordinary large GCs of Aplysia sea slugs, even more 
MTs are able to explore the P-domain after filopodia were completely removed 
using Cytochalasin B (CB), an actin polymerization inhibitor. Even though the 
drug was bath applied to the whole cell, the authors report no influence of low 
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doses of CB on lamellipodium RF velocities or actin network structure [Burnette 
et al., 2007] that could have been held responsible for the observed changes in 
MT dynamics. According to the authors, this apparent paradox can be resolved if 
we consider that F-actin-MT coupling which is directly related to the rate of CT, is 
most likely weaker in the lamellipodium than in filopodia. Thus, a filopodia-free P-
domain performs less efficient centripetal transport of MTs. As the results 
presented in this thesis suggest, the suppression of MT pushing from within the 
neurite shaft may play an additional role in this context. Typically, MTs tightly 
coupled to filopodia are strongly deformed within the T-zone and C-domain 
where structural support is lacking even though they further extend into the P-
domain (See Figure 33). The forces causing these deformations stem from two 
opposite mechanisms. Retrograde flow within filopodia moves the distal part of 
the MT towards the center while dynein forces from the shaft cause the forward 
directed transport of the proximal part. Thus, the instable middle section is 
deformed. The advancement of the MT tip is meanwhile driven by polymerization 
that overcomes CT. In GCs void of filopodia, the lack of strong coupling does not 
Figure 33 Middle sections of MTs are subject to strong deformations. The distal and 
proximal segments of MTs are stabilized by filopodia or the neurite shaft, respectively. 
MT deformation mostly occurs in the T-zone and C-domain where filaments are instable 
(due to the lack of filopodia or a dense actin network to mechanically support them) and 
is caused by counteracting forces from the expanding MT bundle in the shaft (green 
arrows) and actin RF (red arrows) driven centripetal transport of individual MTs. The 
dotted line represents the geometry of a ROI as it was used to determine relations 
between RF and MT deformation 
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only reduce CT of MTs but also allows forward directed pushing forces to 
contribute to MT advancement instead of deforming the filament.  
The singular case of a breaking microtubule described in section 4.1.2 shows 
that under certain conditions, forces in the generally weak GCs of NG108-15 
cells can exceed the threshold required for microtubule filament rupture. MT 
fragments that result from such events were observed to perform treadmilling
1
 
motion within the lamellipodia of motile cells [Waterman-Storer and Salmon, 
1997]. This mechanism could not be identified in the present case due to the 
uniform labeling of the filament that does not allow discriminating between 
translation (all monomers in the tube move collectively) and treadmilling 
(monomers within the filament remain stationary). However, since the detached 
MT fraction is moving in the direction of its minus end towards the central part of 
the GC, actin flow is most likely responsible for its transport. 
 
5.3.3 Direct microtubule pushing forces  
The analysis of buckled MTs in the GC periphery has revealed that they transmit 
forward directed forces in the range of tens of piconewtons. Comparing the lower 
estimate values            of this study to the         that a GC can exert 
against an AFM cantilever (effective cross section:        ) [Fuhs et al., 2012], 
immediately highlights the relevance of single microtubule pushing forces for the 
advancement of a whole GC. The limiting factor for force transmission from one 
to the other subsystem is given by the stability of their components. As soon as 
MTs buckle, application of force will result in their deformation rather than direct 
forward pushing. Thus, the forces generated by dynein motors within the neurite 
shaft might be even higher but cannot be transmitted to the periphery by MTs 
due to their mechanical instability. However, the deformation of MTs does not 
completely eliminate their influence on GC advancement and turning as will be 
discussed later. In this context, measurements of protrusion forces generated by 
neurites elongating in the absence of GCs (e.g. through treatment with high 
doses of actin-depolymerizing drugs) would be of great interest. They would 
allow directly accessing MT-dynein based forces not being restricted by the 
actin-myosin system. 
Unexpectedly, the distribution of measured buckling wavelengths features two 
distinct peaks corresponding to two different forces responsible for the buckling 
events. The two variable factors entering the calculations are the flexural rigidity 
  of MTs and the shear modulus   of the surrounding actin gel. The apparent 
flexural rigidity of MTs can largely vary with their length [Pampaloni et al., 2006; 
Taute et al., 2008], polymerization conditions [Janson and Dogterom, 2004] and 
                                            
1
 recapitulation: treadmilling = net forward movement of the filament due to monomer association 
at the plus end and their dissociation at the minus end 
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concentrations of microtubule associated proteins [Felgner et al., 1997]. The only 
dependence that was shown to produce two distinct values is the length 
dependence discussed in section 5.1. With the two limit values for short and long 
MTs (          
                  
       and        , equation 
(5-2) delivers buckling wavelengths of            and           . These 
agree well with the measured wavelengths of         and         and possibly 
explain the bimodality of results. However, this is difficult to verify since the total 
free length of MTs is hardly accessible in the crowded C-domain of GCs. 
If, on the other hand, we assume constant or at least normally distributed 
microtubule stiffness, the two different buckling conditions must originate from 
variations in the surrounding actin gel that generates mechanical support and 
determines the effective buckling conditions. The lamellipodium is generally not 
homogeneous since two different states (on/off) of actin polymerization regulate 
edge dynamics [Betz et al., 2006; Knorr et al., 2011] and result in different types 
of networks. These differ strongly in actin network structure and density [Mongiu 
et al., 2007] which very likely leads to two typical values for network elasticity. 
Calculating the respective actin network shear moduli (equation (5-2)) with a 
constant MT bending rigidity of               [Gittes et al., 1993] yields 
        for the first and          for the second peak. The latter, higher 
value has not been reported in studies investigating GC elasticity [Betz et al., 
2011; Fuhs et al., 2012]. Treating the lamellipodium as an active medium 
appears to be a more promising approach when aiming to explain the bimodal 
distribution. In their theoretical work on MTs in active actin gels, Kikuchi et al. 
[2009] show that a contractile environment can either weaken or strengthen an 
embedded stiff filament. The effect depends on the orientation of actin fibers and 
contractile elements relative to the MT (anchoring). While perpendicular 
anchoring leads to an effective weakening of the MT, predominantly parallel 
alignment creates additional mechanical support and impedes buckling. In 
relation to the present findings this implies that MTs buckled at longer 
wavelengths (lower forces) are embedded in actin networks with fibers oriented 
mainly perpendicular (or at least random) to the MT and those buckled at small 
wavelengths (higher forces) are effectively stiffened by parallel aligned fibers in 
their environment. Such populations of aligned and more randomly oriented actin 
filaments were observed earlier in electron microscopy studies of GC 
lamellipodia [Lewis and Bridgman, 1992]. Unfortunately, the orientation of actin 
filaments within the lamellipodium is not accessible with the applied techniques 
and requires further investigation.  
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5.3.4 Actin-myosin driven microtubule deformation – indication for an 
internal molecular clutch? 
In addition to the direct pushing described above, local MT deformation rates 
(measured as stored bending energy per MT length      ) seem to be linked to 
morphological changes and advancement of the GC. The present observations 
indicate a correlation between higher MT deformation and GC advancement that 
raises some questions. As mentioned above, previous studies report that straight 
MTs aligned with filopodia support advancement and, in case of non-uniform 
distribution, turning of growth cones [Williamson et al., 1996; Buck and Zheng, 
2002; Schaefer et al., 2002; Zhou et al., 2002]. These mechanisms rely 
apparently on the direct pushing of MTs from the GC rear that was discussed 
above. However, the data presented here suggest that the occurrence of aligned 
and straight MTs in the P-domain is not the only indicator for directional changes. 
As demonstrated in section 4.1.3, an on average higher proportion of deformed 
MTs in certain areas of the growth cone can also be related to their protrusion 
states. It is reasonable to assume that strongly deformed microtubules which 
expose larger cross-sectional areas to retrograde flow and require increasing 
forces for further deformation, hinder actin back-transport. RF is mechanically 
slowed down by highly deformed MT filaments and, since RF and GC 
advancement are inversely proportional [Lin and Forscher, 1995], this results in 
stable or advancing (more general: not retracting) lamellipodial edges. The 
relation of MT deformation, retrograde flow and edge advancement is illustrated 
Figure 34 Suggested relation 
between MT deformation, 
retrograde flow and edge 
advancement. In region ①, 
MTs are highly deformed 
(represented by compressed 
springs) and hinder retrograde 
actin flow through frictional 
coupling or an internal 
molecular clutch mechanism 
mediated by MT-actin cross-
linkers. The reduction in RF 
leads to increased edge 
advancement since 
polymerization of actin 
filaments close to the GC front 
pushes the edge forward. In 
region ②, rather straight MTs 
(relaxed spring, low coupling) 
allow faster RF and the edge 
stalls or retracts. 
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in Figure 34. 
A direct relation between RF and MT deformation levels can be observed in 
lamellipodial areas where local and temporal RF velocity bursts are followed by 
increased MT bending. These bursts were observed in GCs before [Betz et al., 
2011], their origin, however, is unclear. Due to the radial orientation of the 
involved dynamic structures (actin-RF: centripetal; MT pushing and 
polymerization: centrifugal), it is necessary to analyze and relate their dynamics 
in circular sections of the GC (see dotted line in Figure 33). It is known that 
intracellular MTs can transmit forces over tens of micrometers [Das et al., 2008] 
and thus establish a mechanical link between the P-domain where they interact 
with RF, and more central structures. It was previously shown that MT extension 
into the periphery and RF rates are inversely correlated [Forscher and Smith, 
1988; Brown and Bridgman, 2003], supporting the idea of RF transporting MTs 
back into the C-domain. RF and the protrusion of the leading edge are anti-
correlated, too, via substrate coupling of the actin cytoskeleton [Lin and 
Forscher, 1995]. Strong coupling (engaged molecular clutch) hinders RF which 
does not balance actin polymerization at the edge any more. Thus, a greater 
portion of actin network polymerization is translated into forward movement of 
the GC edge. MT deformation as additional component and its relation to RF and 
edge protrusion as they were revealed by the present study, agree well with 
these previous findings. The positive correlation between RF velocity and MT 
deformation described in the results section indicates that higher RF does not 
only hinder MT advancement but also causes their deformation. Even though it 
cannot be directly deduced from the presented data, it is reasonable to assume 
that this is not a one-way relation. The drop in RF velocity following bursts and 
MT deformation peaks most likely involves regulation pathways including myosin 
activation and actin (de-) polymerization but might also be a consequence of 
increased MT curvature: Strongly deformed MTs could decelerate RF through 
molecular coupling (e.g. via proteins of the spectraplakin family [Applewhite et 
al., 2010])  and thus indirectly contribute to GC edge stabilization and 
advancement as it was described here. In addition to the well known and 
frequently mentioned clutch-like coupling of F-actin to the substrate this would 
introduce a second, intracellular coupling mechanism between F-actin and MTs 
in GCs. RF could be coupled to the dynamic MTs in the GC T-zone and P-
domain through variations in F-actin-MT crosslinker activity. Upregulated cross-
linking then results in increased CT and deformation of MTs which in turn slows 
down RF and supports edge advancement. This mechanism would allow 
mechanical RF regulation without direct contact to a rigid substrate and might 
help neurites to overcome low traction on highly compliant substrates and to 
navigate and advance in the very soft environment of nerve tissue. 
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5.3.5 Concluding remark 
In summary, we have seen that both, filopodia-aligned MTs that directly push 
(close to the leading edge), and a population of strongly deformed MTs (in the 
proximal part of the P-domain or the T-zone) that slow down actin back-
transport, support edge protrusion and contribute to directed growth cone 
motility. This agrees well with previous studies that have shown that the removal 
of MTs from the GC affects its ability to turn at substrate borders [Williamson et 
al., 1996; Challacombe et al., 1997; Buck and Zheng, 2002] or to steer towards 
an adhesive bead [Suter et al., 2004]. Thus, the simplified picture sometimes 
drawn of actin as the steering wheel and MTs as the forward driving motor in GC 
advancement [Marsh and Letourneau, 1984; Bentley and Toroian-Raymond, 
1986] does not hold. The complexity of their arrangements and the multiplicity of 
their interactions (direct mechanical and indirect biochemical through signaling or 
cross-linker regulation) give rise to a fragile balance between the two 
subsystems that is prone to disturbances of either of them. 
 
5.4 Growth cone collapsing mechanisms 
In the previous sections we have discussed the highly complex motility 
machinery of GCs with respect to steering and advancement mechanisms and 
the cytoskeletal dynamics these are based on. Apparently, MT-actin interactions 
and their regulation are crucial for successful neuronal pathfinding. Despite the 
high complexity of the underlying, stochastic molecular mechanisms, they can be 
understood and discussed on a somewhat coarser mechanical level that is well 
suited to recognize the basic subsystems and their interactions (e.g. molecular 
clutches, friction, and force transmission). The next chapters will center on the 
equally important retraction mechanisms that allow neurons to stall GC 
advancement temporarily or to retract parts of their neurites. In addition to 
previously described mechanisms, the newly found variant of fold collapse will be 
introduced in more detail and possible molecular processes will be discussed. 
 
5.4.1 Different adhesion and contraction patterns result in different 
collapse and retraction types 
From the present observations it was possible to discern aspects of cytoskeletal 
filament dynamics not only throughout the commonly described contractile 
retreat, which is accompanied by a partial or full retraction of the neurite, but also 
during formation of retraction bulbs and fibers. If we consider stationary parts of 
the GC substrate bound while those moving relative to the substrate are 
assumed to be detached, these observations indicate that both morphologies are 
essentially subtypes of conventional neurite retraction, which emerge due to 
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variations in local substrate adhesion. Complete retraction is dominated by a 
collapse of the entire GC periphery into a small area within the central zone. 
When filopodia remain substrate bound during this collapse, the GC state can be 
sub-classified as retraction fiber retreat (Figure 35 A,B,C,E), whereas the caving-
in of detached actin-bundles constitutes a retraction bulb (Figure 35 A,B,C,F,H).  
More importantly, this study specifies another type of collapse involving the 
folding of filopodia towards the central area. Actin bundles originating in folding 
filopodia accumulate at the circumference of the former central domain and 
establish a two-dimensional cage-like superstructure. Remarkably, folding is not 
limited to systems with an intact lamellipodium and could be observed in fully-
spread GCs as well as in such consisting merely of the central domain and the 
bare filopodia themselves. In the latter case, the forces for lateral movement and 
folding act within filopodia and cannot be ascribed to interactions with the 
surrounding actin network, which was suggested as the main source for lateral 
filopodia movement [Oldenbourg et al., 2000]. The most striking difference 
between pull retraction and fold collapse, however, is that actin locally 
rearranges in a way that suggest the complete detachment of the periphery 
including filopodia while the C-domain remains stationary and fully spread. 
Unlike the pull retraction variant this enables a transient halt of the system while 
peripheral actin turnover is stopped. At the same time the GC is still able to 
locally rebuild advancing lamellipodium and filopodia structures which points to 
the fact that after an intermittent break, regular outgrowth can resume. A similar 
rearrangement of F-actin structures was described earlier [Torreano et al., 2005]. 
However, in those studies the formation of a peripheral actin ring required the 
ML-7 (a myosin light chain kinase inhibitor) driven disassembly of actin bundles. 
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Figure 35 Schematic sequence of retraction dynamics. A Growth cone before 
collapse. The state of adhesion sites is not illustrated in box A, both peripheral filopodia 
and the central domain are assumed to have intact adhesions. Designation of the three 
growth cone regions and the actin meshwork are omitted for clarity in the remaining 
boxes B - H. B Common for all observed types of collapse is the initial lamellipodium 
retraction. D,G Fold collapse: Filopodia form a dense peripheral actin structure. C,E Pull 
retraction (i): A subtype of pull retraction, that occurs when filopodia, instead of 
collapsing into the growth cone center, remain attached to the substrate is characterized 
by retraction fibers. This variant of pull retraction leaves filopodia in a straight 
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configuration. C,F,H Pull retraction (ii): Filopodia detach and are pulled back by 
contractile forces and collapse into themselves, while being dragged towards the center 
of the remaining growth cone. MTs appear intact while being confined within this highly 
condensed retraction bulb, consisting mainly of remnants of the former central domain. 
In all cases this type of collapse was accompanied by a retraction of the neurite tip which 
requires the detachment of the whole GC area from the substrate. 
In motile cells and neuronal growth cones, myosin motors interacting with the 
actin cytoskeleton have been identified as the major source of contractile activity. 
They drive retrograde flow in the lamellipodium including filopodia [Lin et al., 
1996] and are involved in mechanosensing, i.e. probing of the mechanical 
properties of the cellular environment [Mattila and Lappalainen, 2008]. The 
dynamics of the processes described herein originate in the movement of actin 
structures, which leaves little to no doubt that myosin motor activity is 
responsible for both the pulling retraction of a neurite, as well as the folding and 
lateral movement of filopodia in fold collapse. It appears to be the location of 
activity which is cause for the significant differences between the two processes. 
In pull retraction, contractile forces act in the central domain, the neurite shaft 
and along the actin bundles constituting filopodia. This leads to centripetal 
retraction of filopodia and a continuous retraction of the neurite dragging the GC 
behind. It was shown that upon according external stimuli, actin-myosin 
contraction in the T-zone and the neurite shaft is up-regulated inducing 
(pull-)retraction [Zhang et al., 2003]. 
Previous studies showed that GC collapse and retraction can be separated into 
two independent processes [Gallo, 2006; Brown et al., 2009]: First of all, P-
domain collapse, including a reduction in area, loss of the actin-based 
lamellipodium, and contraction of filopodia. Second, C-domain contraction and 
retraction of the neurite. While the former seems to be myosin II-independent, 
the latter requires activity of at least one isoform of myosin II. In contrast to pull 
retraction, the formation of new filopodia is not completely suppressed in the fold 
collapse case. In the periphery of the GC shown in Figure 28, new small filopodia 
emerge while others fold towards the center. In addition, extension of new 
filopodia and local protrusion of the lamellipodium leading edge evidence that 
substrate contacts are not generally degraded during the process, but maintain 
the spatial stability of the whole system. It is proposed that the independent 
nature of C-and P-domain contraction in combination with either engaged or 
disengaged adhesion sites in the center and periphery of the GC leads to a 
number of possible outcomes for collapse/retraction events. This simplified 
classification covers all observed cases of collapse and retraction (see Figure 
35) However, it cannot address the question why during fold collapse lateral 
movement and folding of filopodia predominate, while in the case of bulb 
formation and complete retraction their movement is limited to the centripetal 
direction. 
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5.4.2 Mechanisms eliminating microtubule pushing 
All collapse and retraction processes are based on the inversion of previously 
forward directed dynamic systems and their underlying forces. As previously 
discussed, GC advancement is mainly driven by two mechanisms: actin 
polymerization and contractile actin-myosin dynamics that result in forward 
movement through clutch-like substrate adhesions, and microtubule expansion 
through polymerization and MT-bound dyneins that push MTs forward from 
within the neurite shaft [Myers et al., 2006; Rauch et al., 2012]. For both, 
transient halt and long-range retraction, these two “motors” need to be disabled. 
Stopping actin polymerization (e.g. through capping proteins) at the 
lamellipodium edge combined with an increase in actin-myosin contractility leads 
to the rapid disassembly of the lamellipodium. With this mechanism common to 
all types of collapse, actin network protrusion is largely blocked. However, as 
studies with drug-treated GCs show, actin inhibition alone does not prevent the 
elongation of neurites but only impairs their ability to respond to guidance signals 
[Marsh and Letourneau, 1984; Bentley and Toroian-Raymond, 1986]. It was 
found that inhibiting MT dynamics is crucial for GC pausing [Hendricks and 
Jesuthasan, 2009]. Hence pushing MTs require additional mechanisms to be 
suppressed. The present observations indicate that, in the case of pull retraction, 
this is achieved through the disassembly of central adhesion sites and an actin-
myosin driven contraction of the whole system including the neurite shaft. During 
fold collapse, however, no significant signs of contractile activity could be 
observed in the C-domain. It seems that the circumferential actin barrier built 
from folded filopodia assumes the function of limiting MT-based GC 
advancement. Microtubules remain dynamic but confined to the former C-
domain, able to resume their pushing function as soon as outgrowth continues. 
Hence new filopodia and lamellipodium structures that emerge during partial 
recovery are initially void of microtubules. Many studies confirmed the crucial role 
of microtubules for GC advancement, steering and neurite branching [Brandt, 
1998; Dent and Kalil, 2001; Zhou and Cohan, 2004; Ertürk et al., 2007] which 
indicates that a lack of this cytoskeletal component in the peripheral domain will 
impair the ability of the GC to branch or turn. Along with the persistent spreading 
of the C-domain this reversible regulation of MT pushing points to the fact that 
fold collapse represents a transient mid-term pausing of neurite extension. 
 
5.4.3 Lateral filopodia movement, severing and folding 
Both, the conservation of area and the negligible displacement of fold collapsing 
GCs indicate that C-domain substrate adhesions remain engaged while in the 
periphery, first the lamellipodium then the vast majority of filopodia detach and 
collapse or fold. The local disassembly of adhesion sites, however, is not 
sufficient to explain the actin cytoskeleton behavior observed during fold 
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collapse. Folded filopodia are apparently disintegrated at a single point and thus 
separated into linked segments which retain their straight configuration 
throughout the process. Most likely actin-myosin contractility as well as F-actin 
severing are locally up-regulated in the P-domain which eventually leads to the 
breaking, folding and contraction of filopodia and the lamellipodium. While the 
regulation of acto-myosin activity is quite well understood, up to date a 
convincing explanation for filopodia breaking and folding is still lacking. 
One can only speculate about the mechanisms leading to the strictly confined 
weakening of actin bundles and their local folding without visible bending of the 
remaining segments. Possible players in this context might be myosin 
minifilaments that were previously detected in the contractile stress fibers of 
fibroblasts [Svitkina et al., 1989] and, more recently, in neuronal growth cones 
[Bridgman, 2002]. Studies comparing the motility of myosin minifilaments to that 
of purified motor domains confirm that motor activity in the filamentous form 
results in contraction rather than forward movement [Kolega, 2006]. In GCs 
undergoing semaphorin 3A (sema 3A) induced collapse, an even more complex 
function of myosin subtypes was reported. Sema 3A triggered depletion of 
myosin IIA in the GC leads to actin network destabilization while filopodial 
bundles persist. These bundles are presumably targeted by myosin IIB 
molecules that drive their contraction [Brown et al., 2009]. Thus, the selective 
activation of different myosin subtypes is a reasonable explanation for the early 
retraction of lamellipodial actin networks at the onset of collapse and the time 
delayed contraction of filopodial bundles. 
In addition to local contractile forces, the occurrence of sharp kinks in folding 
filopodia requires local defects in the underlying rigid actin bundles. Among the 
few proteins known to cut actin filaments, gelsolin seems to be the most 
promising candidate for two reasons: First of all, the presence of gelsolin in 
growth cones and filopodia of primary neurons and neuronal cell lines was 
shown with immunostaining techniques [Tanaka et al., 1993]; second of all, 
neurons extracted from mice lacking gelsolin (gelsolin-null mice) show abnormal 
filopodia dynamics and an impaired ability to retract GC filopodia [Lu et al., 
1997]. Since the expression of gelsolin in the growth cones of NG108-15 cells 
was not previously reported, immunostaining of fixed cells with gelsolin 
antibodies was performed. Figure 36 displays laser scanning images of the 
stained cells and clearly shows the presence of gelsolin in NG108-15 growth 
cones. Gelsolin is not homogeneously distributed but clusters in high density 
punctae. These can also be found in the GC periphery close to filopodia and 
might be responsible for local actin bundle dissection.  
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Figure 36 Localization of Gelsolin in NG108-15 GCs. Bright field micrographs of GCs 
are overlaid with LSM channels to visualize the gelsolin pattern. Gelsolin is distributed 
throughout the GC and occurs in high density clusters. These are also found in the 
periphery and filopodia structures where they might be responsible for actin bundle 
severing. 
Based on the presented observations, the interplay of local myosin and gelsolin 
activity is very likely part of the filopodia folding mechanism. However, revealing 
the molecular details of this fascinating facet of GC dynamics will require 
additional experimental effort including the local inhibition of actin-myosin 
contractility, e.g. through photo-activation of caged myosin blockers as well as 
the simultaneous monitoring of gelsolin and actin in actively folding filopodia. 
 
5.4.4 Conclusion: Transient collapse vs. permanent retraction 
Directed neurite elongation and GC pathfinding is a complex procedure relying 
on both, stochastic and deterministic processes on different time and length 
scales. Apparently random fluctuations rather than the persistent advancement 
of the GC leading edge help to verify gradients of substrate bound or diffusive 
signaling molecules. These occur on the scale of seconds and micrometers in 
the GC periphery and are driven by the interplay of actin polymerization and RF 
[Betz et al., 2006]. On larger scales (hours, tens to hundreds of micrometers), 
elongation, retraction and re-growth regulate neurite advancement and eliminate 
overshooting axons or aberrant neurite branches [Halloran and Kalil, 1994; Luo 
and O’Leary, 2005]. On an intermediate timescale, pausing of outgrowth has 
been observed in different types of neuronal cells and was usually accompanied 
by their enlargement, an increase in MT numbers and the occurrence of MT 
loops [Tsui et al., 1984; Sabry et al., 1991; Tanaka, 1991; Suh et al., 2004]. MT 
looping is believed to be triggered by their over-stabilization [Lee et al., 2004; 
Suh et al., 2004]  and is most likely the cause for this type of GC pausing 
[Hendricks and Jesuthasan, 2009]. The results presented here reveal a different, 
intermediate pausing mechanism that indirectly hinders MT advancement 
through filopodia folding and does not require steady actin turnover. This variant 
of GC collapse has, to the author’s knowledge, not been reported previously and 
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represents an additional option how neurite outgrowth and path-finding can be 
regulated by mechanical interactions between the dynamic actin and MT 
cytoskeleton in neuronal growth cones. 
 
5.5 Putting the pieces together – growth cone mechanics at a glance 
After having discussed the findings of this study in the context of previous 
insights gathered by many excellent research groups throughout the last 
decades, we will now try to bring together the most important aspects of 
cytoskeletal force generation and mechanical interactions in neuronal GCs. For 
this purpose, relevant structures as well as the distribution, direction and (if 
available) magnitude of related forces are displayed in the overview Figure 37. 
 
Figure 37 Overview of growth cone forces. 
The generation of forces within the neuronal GC is mainly based on the 
polymerization of MT and actin filaments oriented with their plus ends towards 
the periphery as well as motor proteins acting either as contractile (e.g. actin 
based myosin) or expansive (e.g. MT based dynein) force dipoles. Retrograde 
flow (orange arrows) is driven by a combination of myosin contraction and actin 
polymerization against the leading membrane edge, and can generate lateral 
pressures of up to        [Fuhs et al., 2012]. RF and actin polymerization 
fluctuate around an equilibrium state and thus regulate edge advancement. 
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Simultaneously, a large portion of the actin-myosin forces is transmitted to the 
substrate via adhesion complexes and a molecular clutch mechanism. Substrate 
forces (blue arrows) are in the range of        1 for NG108-15 cells [Betz et 
al., 2011; Fuhs et al., 2012] and         for primary murine neurons [Koch et 
al., 2012]. Individual microtubules extending from the neurite shaft can generate 
forces of more than       [Rauch et al., 2012]. Approaching the GC as a hemi-
cylindric shell structure with          and        containing      MTs 
yields a forward directed MT pressure of approximately       (        
        ). Considering the measured total protrusion force (red arrow) of 
       [Fuhs et al., 2012], it becomes clear that MT pushing is highly relevant 
for GC advancement. In addition, MTs interact with the retrogradely moving actin 
network through frictional or molecular coupling (represented by purple ellipses). 
On the right side of the illustrated GC, high coupling increases MT deformation 
and slows down RF. Thus, actin RF and polymerization are out of balance which 
favors edge advancement. On the left side, weak to no coupling between MTs 
and actin allows unimpaired RF which in turn leads to slowly advancing, 
stationary or retracting edges. For the sake of completeness, it should be 
mentioned that the neurite itself is steadily under tension as experiments with 
detached neuronal processes revealed. Neurite tension can reach values of up 
to      which is an order of magnitude higher than the internal forces described 
above. This strongly suggests that the mechanical processes in the GC are 
partially decoupled from neurite tension, e.g. through according adhesions in the 
neurite stump. 
Together with the schematic description of GC collapsing mechanisms in Figure 
35, the above illustration of internal force relations represents an updated picture 
of actin and MT based growth cone protrusion. This process is of fundamental 
importance for the oriented outgrowth of neuronal extensions establishing 
functional nervous systems. It is clear that such elementary procedures are 
regulated by multiple complex mechanisms that assure the proper wiring of 
neural networks and prevent malfunctions in neuronal growth. All regulating 
factors eventually influence the behavior of the actin and MT cytoskeleton, 
thereby controlling GC morphology and dynamics. It has long been clear that 
interactions between these two components play a central role and that none of 
them alone is sufficient for undisturbed neuronal growth. In this context a 
steering and forward pushing function of peripheral MTs has often been 
suggested and is absolutely plausible since they are coupled to the neurite 
stump which serves as stable substrate for MT based force generation. Only the 
quantification of their contribution to advancement has not been revealed until 
                                            
1
 Cellular forces (protrusion forces, substrate forces etc.) are usually normalized to the area   
they act on. Thus, the forces here will be given in              . For traction force 
measurements,   is the substrate area covered by the GC, for protrusion and RF measurements 
it is the contact area with the force measurement instrument (i.e. the cantilever of a scanning 
force microscope). 
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now. By adding another piece to the complicated mosaic of neuronal growth, the 
results of this thesis bring us one step closer to the complete understanding of 
growth cone advancement and steering.  
Another, often neglected aspect of successful neuronal guidance is the ability of 
neurons to stall outgrowth upon ambiguous stimuli or to retract parts of aberrant 
neurites from unsuitable tissue regions. Stochasticity is an inherent property of 
all biomolecular systems and persistent outgrowth will typically not lead to the 
desired result in the noisy cellular environment growth cones face on their way to 
the target cell. Previous descriptions cover cases of neurite retraction or short 
term pausing with minor cytoskeletal rearrangements. The observations 
presented here strongly indicate that there is one (maybe even more) previously 
unknown variant of GC collapse leading to arrested growth after a significant 
reorganization of actin bundles, networks and dynamic MTs. The signaling 
pathways triggering different variants of collapse and retraction still need to be 
investigated but it is clear that there is a biological necessity for reversible 
pausing on an intermediate time scale if the GC is to react properly to weak local 
guidance signals. 
Of course, the complicated and fragile organization of all these processes 
requires an almost inconceivable number of interdependent regulating factors. 
Current and past research in molecular biology, biochemistry and other related 
fields has revealed fascinating details of numerous signaling pathways that allow 
the translation of external stimuli to according intracellular responses and that 
are indispensible for the orientation of cells and in particular GCs in the noisy 
and crowded environment of biological tissue. The sheer plethora of signaling 
components, inter- and intracellular interactions unavoidably makes every 
researcher dealing with such systems wonder how it all could emerge from 
inanimate matter. While, of course, this question remains open, the results of this 
thesis have added important details to the understanding of how the mechanical 
components of neuronal growth interact and lead to the multifaceted outcome of 
GC dynamics that we know today. 
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6 Outlook 
All scientific research is influenced by ongoing technical development and novel 
findings that regularly reveal new aspects of the processes underlying 
experimentally observed phenomena. The results presented in this thesis yield 
new insights in the force generating and distributing mechanisms of growth cone 
dynamics. Nevertheless, they can only partially answer the numerous open 
questions that remain in the context of neuronal pathfinding and rather constitute 
a potential starting point for further investigations. In this chapter, future 
improvements of the microtubule detection and analysis methods will be outlined 
complemented by suggestions on continuative experiments.  
In their current state, the computational algorithms employed for MT detection 
and curvature analysis produce reliable data for the analysis of filament position 
and curvature. As mentioned in chapter 5.2, they come to their limits at dense 
filament arrays with numerous intersections. Here user input is required to 
correct the automated detection and to approve the results. A fully automated 
detection will probably stay out of reach but a number of improvements can be 
achieved (with advanced programming efforts). The first would be a method to 
follow filaments across intersections based on the probability of microtubule 
orientation. With filters excluding sharp kinks in MT contours, filaments crossing 
each other at angles close to     should be continuously detectable. In general, 
alternative detection algorithms could process the information how a detected 
MT fragment is oriented. In subsequent steps, the neighborhood of the detected 
fragment could be searched for structures that are likely to belong to the same 
MT. This would improve the detectability of filaments in entangled arrays and 
reduce the time effort for data acquisition. 
The analysis of deformed and buckled MTs in this thesis is based on a 
(constrained) buckling theory derived from the Euler-Bernoulli model for elastic 
beams. This model delivers sufficiently accurate data for the filament lengths 
investigated here. Nevertheless, it would be of great interest to include the shear 
related length-dependence of MT stiffness in the analysis of MTs with known 
total contour length (as they could be approximated with the improved algorithm 
described above). Also a combination of the constrained buckling of rods 
embedded in an elastic environment with internal shear considerations would 
probably shed new light on the relevance of the length dependence for 
intracellular microtubules. Due to the lack of data on MT length, to date the 
relation between buckling wavelengths and free MT contour lengths cannot be 
investigated concludingly. 
In the context of this work, growth cone dynamics and internal mechanisms were 
mainly investigated on the base of live cell fluorescence imaging visualizing the 
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actin and MT cytoskeleton. Further experiments could aim at revealing details of 
molecular components closely associated to the cytoskeleton. Various drugs are 
assumed to selectively inhibit or promote the activity of cytoskeletal, motor or 
other associated proteins (e.g. cross-linkers). Even though the mode of operation 
is not completely understood for all of these drugs, methods have been 
established to reversibly suppress actin/MT polymerization or myosin activity. For 
future investigations it would be advisable to enter into this line of experiments 
and to investigate the forces generated by the MT cytoskeleton alone after actin 
polymerization has been reduced. State of the art force measurement techniques 
like scanning force microscopes could be employed for this purpose. Measuring 
the protrusion force of a neurite void of actin networks and filopodia is a 
challenging task but would deliver important information on MT-dynein based 
force generation. 
It would also be very interesting to extend the analysis presented here to primary 
neurons directly extracted from animal tissue. Even though it is well documented 
that the molecular composition and especially the cytoskeleton of NG108-15 
growth cones is very similar to that of primary cells, the significance of data 
derived from cell lines is sometimes considered inferior to that from primary cells. 
The major drawback of primary cells is that they require lab animals, are more 
difficult to culture and, most importantly, do not readily respond to the 
transfection techniques applied for live cell fluorescence imaging. At least the 
latter problems are about to be overcome by new culture and transfection 
methods such that experiments e.g. with primary murine neurons can be 
conducted with equal quality. 
Concerning the collapse and retraction processes, detailed analysis of all 
potential molecular components leading to filopodia severing and folding should 
be in the focus of future measurements. The localization of gelsolin in NG108-15 
GCs is just one first step towards the understanding of filopodia folding. Only 
data on gelsolin distribution and activity in living growth cones performing 
filopodia folding will reveal the role of this protein. Also the visualization of 
myosin activity would help to understand the complex interplay of contraction 
and extension in this context. 
In general, many questions remain unanswered concerning the multi-facetted 
dynamics of neuronal growth cones. The vast majority of studies focus on guided 
outgrowth which, of course, includes repellant cues and partial collapse of the 
GC. The controlled retraction of parts of the neurite as well as temporary pausing 
mechanisms still require further investigation if one wants to understand all 
aspects of neuronal growth. Especially in the context of neurite regeneration, the 
suppression of retraction is a desirable goal which requires thorough 
understanding of the underlying mechanical processes within the GC. How the 
“reverse gear” works and, more importantly, how it can be influenced e.g. 
through cytoskeleton-targeting drugs or variations in ECM mechanics has to be 
Neuronal Growth Cone Dynamics  Outlook 
103 
 
revealed. Furthermore, a wide range of possibilities opens up if the internal 
cytoskeleton mechanics are linked to interactions with the cellular environment. 
Growth cones cultured in confined geometries or encountering obstacles with 
adjustable mechanical properties will help to understand the regulation of internal 
cytoskeleton dynamics and the mechanical cross-talk between the cell and its 
environment. Naturally, the translation of basic findings to applicable techniques 
requires additional insights into growth and retraction processes in vivo. Only if 
we understand how the force balance investigated in the Petri dish is employed 
by neurons inside living organisms, we will be able to develop efficient methods 
directing neuronal outgrowth and supporting nerve regeneration. 
As stated above, research is an ongoing process and many pages could be filled 
with suggestions for further experimental setups and investigations. The most 
relevant ones were introduced here to illustrate that the complexity of GC 
dynamics eventually requires an equally complex set of experiments. Only the 
collective effort of international researchers will help to unravel the hitherto 
unknown details of growth cone motility. With the present work, another small 
step towards the understanding of neuronal growth was made but many more 
are to follow. 
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Appendix: Constrained buckling  
In the case of constrained buckling in an elastic medium, the total energy 
contains an additional term from medium deformation [Landau and Lifshitz, 
1975; Skotheim and Mahadevan, 2004]: 
   
 
 
         
 
 
         
 
 
        
(7-1) 
with      being the transverse displacement of the rod as function of the axial 
coordinate and   being a prefactor proportional to the elastic modulus   of the 
surrounding medium. Assuming a homogenous, elastic, incompressible medium, 
  is given by 
   
   
       
 
(7-2) 
where   is the characteristic length scale of buckling (order:     ) and   is in the 
order of the radius of the rod under consideration (here:      ). Thus for our 
microtubules we get 
   
   
       
      
(7-3) 
Equilibrium solutions to equation (7-1) require that 
  
  
   
(7-4) 
This implies that               which is solved by expressions of the type 
      . Oscillating solutions are given by real wavevectors  . Hence,     
        which is solved by 
   
 
  
             
(7-5) 
Real solutions only exist for forces that exceed the critical value of            
which is analogous to the Euler buckling threshold for an isolated elastic rod. The 
wavelength of buckling is then given by 
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(7-6) 
The prefactors in the equation for the critical force are the same for long- and 
short-wavelength buckling (at unchanged boundary conditions). Thus, there is an 
overall increase of the required buckling force depending on the buckling 
wavelength   by factor        . The factor of four arises from the fact that at 
Euler buckling of a free rod, its length   corresponds to half a wavelength. In the 
final equation considering lateral constraints, an additional factor of two yields: 
      
    
  
 
(7-7) 
This equation represents the competition between rod bending and the elastic 
deformation of the surrounding medium. While in equilibrium, both are balanced 
which means that the additional force originating in the elastic constraint is equal 
to the bending contribution. Thus, the total force simply doubles. 
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